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MARCH 15,1998 Deadlinefor Submitting Invited Abstracts
Abstract submission form and instructions are now online

APRIL 17,1998 Deadlinefor Submitting Contributed (Poster) Abstracts
Abstract submission form and instructions are now online

JULY 24, 1998 Deadlinefor Early Registration
After July 24 the conference registration fee becomes $600.00

JULY 24, 1998 Deadline for Guaranteed LINAC98 Hotel Rates

Reservations received after deadline are accepted on a space-available basis at
regular rates

AUGUST 7,1998 Deadlinefor Cancelling Conference Registration
No refunds for conference-related fees will be made after this date

http://www.aps.anl.gov/conferences/LINAC98/Dates.html [05/02/2000 10:47:22 AM]
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LINAC98 Home

Tuesday 22 September 1998 Home page changed to remove registration and outdated conference info.
Conference papers put online.

Friday 21 August 1998 Online Web forms removed for Expression of Interest, Registration, and
Abstract submission.

Tuesday 4 August 1998 Location of exhibitor booths added.

Tuesday 21 July 1998 List of exhibitors was added.

Monday 8 June 1998 Abstracts were added.

Wednesday 3 June 1998 Exhibitor Information was added.

Tuesday 2 June 1998 Links to instructions on preparing and submitting manuscripts were added.

Friday 22 May 1998 Instructions on preparing manuscripts were mailed to authors. Web pages will
follow shortly.

Wednesday 1 April 1998 Links to conference information, companion program, and registration pages
were added to home page.

Friday 20 February 1998 Home page was revised, and new links were added:
Preliminary Program, Expression of Interest form, Abstract Submission form, Abstract Instructions.

Thursday 18 December 1997 "Important Dates added to home page.

Friday 5 December 1997 Home Page v.3 online.

Tuesday 16 September 1997 Second Draft. Public.

Monday 21 July 1997 The first draft version of the LINAC98 Home Page is available.

Questions about the Conference should be directed to: linac98@aps.anl.gov
This page is maintained by cee@aps.anl.gov
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INVITED TALKS
Session MO1: Monday, August 24, 1998

Page #

MO1001 Low-I3SC Linacs: Past, Present, and Future 3
L.M. Bollinger (ANL)

MQO1002 Statusof the TESLA Design 8
D. Trines (DESY)

MO1003 Research and Development for an X-Band Linear Collider
C. Adolphsen (SLAC)
Note: Paper received too lateto beincluded in published proceedings.

MO1004 Scaling Lawsfor Normal Conducting ete- Linear Colliders 13
J.P. Delahaye, G. Guignard, I. Wilson (CERN); T. Raubenheimer (SLAC)

INVITED TALKS
Session MO2: Monday, August 24, 1998
Page #

MO2001 An Induction Linac for the Second Phase of DARHT 21
H.L. Rutkowski (LBNL)

MO2002 High-Power Proton Linac for APT; Status of Design and Development 26
G.P. Lawrence (LANL)

MO2003 Heavy lon Fusion Experimentsat LBNL and LLNL 31
L. Ahle (LBNL & LLNL)

MO2004 Linear Acceleratorsfor Exotic lon Beams 36
P. Bricault (TRIUMF)

MO2005 p*-p:- Collider: p*-p- Generation, Capture, and Cooling 41

D. Neuffer (FNAL)

ORAL POSTERS
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Session MO3: Monday, August 24, 1998

Page #
MO3001 BEPC Injector Upgrade 49
(MO4002) G. Pei (IHEP-Bsijing)
MO3002 Demonstration of Two-Beam Acceleration in CTF |1 85

(MO4017) R. Bossart, H.H. Braun, G. Carron, M. Chanudet, F. Chautard, J.P. Delahaye, J.C.

Godot, S. Hutchins, I. Kamber, C. Martinez, G. Suberlucq, P. Tenenbaum, L. Thorndahl,

M. Valentini, I. Wilson, W. Wuensch (CERN)
MO3003 Resultsfrom Hardware R& D on C-Band RF-System for et+e- Linear Collider 94
(MO4020) T. Shintake, N. Akasaka, H. Matsumoto (KEK); J.S. Oh (PAL-POSTECH); M. Yoshida

(Univ. of Tokyo); K. Watanabe (Tohoku Univ.); Y. Ohkubo, H. Yonezawa (Toshiba Co.);

H. Baba (NKH Co. Ltd.)
MO3004 TheDrive Beam Decelerator of CLIC 118
(MO4031) A. Riche, D. Shulte (CERN)

MO3005 OpticsElementsfor Modeling Electrostatic L enses and Accelerator Components 150
(MO4045) V. Electrostatic Quadrupoles and Space Charge M odeling
G.H. Gillespie (G.H. Gillespie Associates Inc.)

MO3006 Recent Developmentsin the Accelerator Design Code PARMILA 156
(MO4047) H. Takeda, J.H. Billen (LANL)

MO3007 Comparison of Beam Simulations with M easurementsfor a 1.25-MeV, CW RFQ 174
(MO4055) H.V. Smith Jr., G.O. Bolme, J.D. Sherman, RR. Sevens Jr., L.M. Young, T.J. Zaugg

(LANL)
MO3008 Study of Compensation Process of |on Beams 198
(MO4063) A. Jakab, H. Klein, A. Lakatos, J. Pozimski, L. Wicke (IAP-Univ. of Frankfurt)

MO3009 Design, Analysisand Testing of a High Thermal Conductivity Waveguide Window 240
(MO4078) for Usein a FreeElectron Laser

T. Schultheiss, V. Christina, M. Cole, J. Rathke, Q. Shu (Northrop Grumman Corp.); T.

Elliot, V. Nguyen, L. Phillips, J. Preble (TINAF)
MO3010 TheDipole Wakefield for a Rounded Damped Detuned Linear Accelerator with 282
(MO4092) Optimised Cell-to-Manifold Coupling

RM. Jones (SLAC); N.M. Kroll (SLAC & UCD); RH. Miller, Z. Li, J.W. Wang

(SLAC); T. Higo (KEK); J. Irwin (SLAC)
MO3011 Basic Research on Horizontal Assembly Method of SC Cavitieswith High Q and 294
(MO4096) High Gradient

K. Saito (KEK); P. Kneisal (TINAF); E. Kako, T. Shishido, S. Noguchi, M. Ono, Y.

Yamazaki (KEK)
MO3012 Simulation of High-Average Power Windowsfor Accelerator Production of 297
(MO4097) Tritium

L.D. Daily, C.C. Shang, C. M. Gooch, D.J. Mayhall, SD. Nelson (LLNL); K.A.
Cummings (LANL); J. Salem (NASA Lewis Research Center)
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POSTERS

Session MO4: Monday, August 24, 1998

MO4002

BEPC Injector Upgrade

MO4005

G. Pei (IHEP-Bsijing)
Linac LUE-200 Test Facilities

M O4006

MO4007

S Dolya, W. Furman, K. Goldenberg, A. Kaminsky, A. Krasnykh, E. Laziev, V. Shvets, A.
Sumbaev, V. Zanrij (JINR); N. Dikansky, P. Logachev, V. Skarbo (BINP); E. Begloyan,
E. Gazazian, Y. Nazarian, V. Nikogossian, G. Oksuzian (YerPhl); V. Senyukov (MEPhI)

Construction of the 8-GeV e/ 3.5-GeV ef Injector Linac for KEKB
A. Enomoto (KEK)

Single Bunched Beam Testing for SPring-8 Linac

M O4009

T. Kobayashi, T. Hori, H. Yoshikawa, H. Sakaki, T. Asaka, K. Yanagida, A. Mizuno, S
Suzuki, T. Taniuchi, H. Abe, H. Yokomizo (SPring-8)

Performance of an AccSys Technology PL-7 Linac asan Injector for the lUCF

MO4010

Cooler Injector Synchrotron
D.L. Friesel, W. Hunt (Indiana Univ. Cyclotron Facility)

A 100 M eV Superconducting Proton Linac: Beam Dynamics | ssues

MO4011

M. Comunian, A. Facco, A. Pisent (INFN Laboratori Nazionali Di Legnaro (PD))
Status of the Super conducting Heavy-lon Tandem-Booster Linac at JAERI

MO4012

S Takeuchi, M. Matsuda (JAERI)
MEBT Design for the JHF 200-M eV Proton Linac

MO4013

T. Kato, S Fu (KEK)
First Beam Study for the 432-MHz DTL

MO4014

F. Naito, K. Yoshino, T. Kato, Z. Igarashi, M. Kawamura, E. Takasaki, Y. Morozumi, C.
Kubota, T. Kubo, M. Ono, S. Anami, Y. Yamazaki (KEK)

Recent Developmentsat the NIRS-HIMAC |njector

MO4015

Y. Sato, T. Honma, T. Murakami, A. Kitagawa, K. Tashiro, M. Muramatsu, S. Yamada, Y.
Hirao (NIRS); T. Fujimoto, H. Sakamoto, M. Yamamoto, T. Okada (AEC)

Parameter Study for a High Current Heavy lon Linac

MO4016

G. Paris, A. Sauer, H. Deitinghoff, H. Klein (1AP-Frankfurt University)
Luminosity Monitor Optionsfor TESLA

MO4017

O. Napoly (CEA/Saclay); D. Schulte (CERN)
Demonstration of Two-Beam Acceleration in CTF |1

MO4018

R. Bossart, H.H. Braun, G. Carron, M. Chanudet, F. Chautard, J.P. Delahaye, J.C.
Godot, S Hutchins, I. Kamber, C. Martinez, G. Suberlucq, P. Tenenbaum, L. Thorndahl,
M. Valentini, I. Wilson, W. Wuensch (CERN)

TheCLIC 30 GHz Two-Beam Test Accelerator

I. Wilson, W. Wuensch, W. Coosemans, C. Achard (CERN)
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MO4019

Beam L oading Compensation Using Phase to Amplitude M odulation Method in

M0O4020

MO4021

ATF

S Kashiwagi (Graduate Univ. for Advanced Sudies); H. Hayano, K. Kubo, T. Naito, K.
Oide, T. Shintake, S. Takeda, N. Terunuma, J. Urakawa (KEK); T. Korhonen (PS); S
Nakamura (YNU)

Results from Hardware R& D on C-Band RF-System for e*e Linear Collider

T. Shintake, N. Akasaka, H. Matsumoto (KEK); J.S. Oh (PAL-POSTECH); M. Yoshida
(Univ. of Tokyo); K. Watanabe (Tohoku Univ.); Y. Ohkubo, H. Yonezawa (Toshiba Co.);
H. Baba (NKH Co. Ltd.)

RK-TBA Studiesin Ka-Band

MO4024

SM. Lidia, SS Yu (LBNL); J. Gardelle, T. Lefevre, J.L. Rullier (CEA/ICESTA); G.A.
Westenskow (LLNL); J.T. Donohue (CENBG)

High Charge Short Electron Bunchesfor Wakefield Accelerator Structures

MO4025

Development
M.E. Conde, W. Gai, R. Konecny, J.G. Power, P. Schoessow (ANL)

Laser System for a Subpicosecond Electron Linac

MO4026

MO4027

R.A. Crowell, C.D. Jonah, A.D. Trifunac, J. Qian (ANL)

Feasibilty Study of a 2 GEV Superconducting H:- Linac as I njector for the CERN PS

R. Garoby, H. Haseroth, C.E. Hill, A.M. Lombardi, (CERN); P.N. Ostroumov (INR RAS);
J.M. Tessier, M. Vretenar (CERN);

Recent Progressin the Development of a Circular lon Induction Accelerator for

MO4028

Space Charge Dominated Beamsat L L NL

L. Ahle, T.C. Sangster, D. Autrey, J. Barnard, G. Craig, A. Friedman, D.P. Grote, E.
Halaxa, R.L. Hanks, M. Hernandez, H.C. Kirbie, B.G. Logan, SM. Lund, G. Mant, A.W.
Molvik, W.M. Sharp (LLNL); D. Berners, S. Eylon, D.L. Judd, L. Reginato (LBNL); A.
Debeling, W. Fritz (Bechtel Nevada Corporation)

The LINAC of the Munich Accelerator for Fission Fragments (MAFF)

MO4029

O. Kester, D. Habs, R. Rao, T. Seber, H. Bongers, A. Kolbe, M. Gross, P. Thirolf, J. Ott
(LMU Muenchen); U. Koester (TU Muenchen); A. Schempp, (IAP-Univ. of Frankfurt);
U. Ratzinger (GS Darmstadt)

Field Description in an RFQ and its Effect on Beam Dynamics

MO4031

R. Ferdinand, R. Duperrier, J.-M. Lagniel, P. Mattei, S. Nath (CEA/Saclay)
The Drive Beam Decelerator of CLIC

MO4032

A. Riche, D. Schulte (CERN)
Wake Field Effectsin APT Linac

MO4033

S.S. Kurennoy (LANL)
Design Studies of the DARHT Phasell Injector with the GYMNOS PIC Code

MO4034

W.M. Fawley, E. Henestroza (LBNL); Y.-J. Chen, D.W. Hewett (LLNL)
Emittance Growth from Bend/Straight Transitionsfor Beams Approaching

Thermal Equilibrium
J.J. Barnard, B. Losic (LLNL)
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MO4036

Coupling Slots M easurements Against Simulation for TRISPAL Accelerating

MO4037

Cavities
P. Balleyguier (CEA/DPTA)
External Q Studiesfor APT SC-Cavity Couplers

MO4038

P. Balleyguier (CEA/DPTA)
2.5D Cavity Code with High Accuracy

MO4041

Y. lwashita (ICR-Kyoto Univ.)
Computing Eigenmodesin Highly L ossy Accelerating Structures

MO4042

S Setzer, T. Welland (TU-Darmstadit)
Simulation Resultswith an Alternate 3D Space Charge Routine, PICNIC

MO4043

N. Pichoff, J.-M. Lagniel, S Nath (CEA/DSVI/DAPNIA/SEA)
MUSTAFA -- A Tool for Numerical Simulations of the Beam Behavior in aLinac

MO4044

G. Guignard, J. Hagel (CERN)
Simulation of Halo Formation in Breathing Round Beamsin a Periodic Focusing

MO4045

Channel
Z. Huang, Y. Chen (CIAE)

Optics Elementsfor Modeling Electrostatic L enses and Accelerator Components|V.

MO4046

Electrostatic Quadrupoles and Space Charge M odeling
G.H. Gillespie (G.H. Gillespie Associates Inc.)

Beam Dynamicsin a High Current SC Proton Linac for Nulcear Waste

MO4047

Transmutation
G. Bellomo, P. Pierini (INFN-Milano-LASA)

Recent Developmentsin the Accelerator Design Code PARMIL A

MO4049

H. Takeda, J.H. Billen (LANL)
Simulations of the Nonlinear Transverse RF Field Effects on the Beam Dynamicsin

MO4050

Low Energy X-Band SW Linacs
X. Qun, Y. Lin (Tsinghua Univ.)

A Novel Structure of Multi-Purpose RF Gun

MO4051

E. Tanabe (AET Associates Inc.); A. Nakayama, F. Oda, M. Yokoyama (Kawasaki Heavy
Industries)

The High Voltage System for the High Intensity CERN Proton Sour ce

MO4052

C.E. Hill, M. O'Neil (CERN)
First Experience of Workswith Compact Injectorsfor Trialsand Drillsof RF Linac

MO4054

Structures

V.V. Kushin, N.A. Nesterov, SV. Plotnikov, D.N. Seleznev, A.S. Suvorov, A.B. Zarubin,
V.P. Zubovsky (ITEP); E.P. Bogolyubov, V.T. Bobylev, Y.K. Presnyakov, V.A. Samarin
(All-Russian Research Institute of Automatics)

The Cathode Test Stand for the DAHRT Second-Axis

C. Fortgang (LANL); C. Hudson, D. Macy (Bechtel); M. Monroe (LANL); K. Moy
(Bechtel); D. Prono (LANL)
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MO4055

Comparison of Beam Simulations with M easurementsfor a 1.25-MeV, CW RFQ

MO4056

H.V. Smith Jr., G.O. Bolme, J.D. Sherman, RR. Sevens Jr., L.M. Young, T.J. Zaugg
(LANL)

The SNS Front End Accelerator Systems

MO4057

J. Saples, D. Cheng, M. Fong, J. Greer, M. Hoff, R. Kéller, K. Kennedy, M. Leitner, R.
MacGill, D. Oshatz, A. Ratti, J. Remais, S. Virostek (LBNL)

Ferroelectric Ceramics: A Novel Efficient and Robust Photocathode

MO4058

|. Boscolo, R. Parafioriti, A. Scurati (Univ. of Milano and INFN); M. Castellano, L.
Catani, M. Ferrario, F. Tazzioli (INFN-LNF); A. Doria, G.P. Gallerano, L. Gianness, E.
Giovenale (ENEA-CRE)

Fields Induced by Chopped Beamsin the Tank Cavity

MO4059

E. Takasaki, Z. Igarashi, F. Naito, K. Nanmo, T. Takenaka (KEK)
Design and Development of the LEDA Slow Wire Scanner Profile M easurement

MO4060

J.F. O'Hara (AlliedSgnal FM&T); J.F. Power, J. Ledford, J.D. Gilpatrick (LANL); J.
Sage (General Atomics); M. Settler (LANL)

| mprovements on the Accur acy of Beam Bugs

MO4061

Y.J. Chen, T.J. Fessenden (LLNL)
A Coaxial Cable Beam L oss Monitor |on Chamber System for High Power

MO4062

Multi-bunch Beams
M.C. Ross, D. McCormick (SLAC)

Time Resolved, 2-D Hard X-ray I maging of Relativistic Electron-Beam Tar get

MO4063

Interactionson ETA-II

C.E. Crist (SNL); S Sampayan (LLNL); M. Krogh (AlliedSgnal FM&T); G. Westenskow,
G. Caporaso, T. Houck, J Weir, D. Trimble (LLNL)

Study of Compensation Process of |on Beams

MO4064

A. Jakob, H. Klein, A. Lakatos, J. Pozimski, L. Wicke (IAP-Univ. of Frankfurt)
Absolute Beam Position M onitoring Using HOM-Damper Signals

MO4065

C. Peschke, G. Schreiber, P. Huelsmann, H. Klein (IAP-Univ. of Frankfurt)
Design of the RF Phase Reference System and Timing Control for the TESLA

M O4066

Linear Collider
A. Gamp, M. Liepe, T. Plawski, K. Rehlich, SN. Smrock (DESY)

Freguency Source for the ISAC RFQ

MO4067

K. Fong, S Fang, M. Laverty (TRIUMF)
A Development and I ntegration Analysis of Commercial and In-House Control

MO4068

Subsystems
D.M. Moore (WSRC); L.R. Dalesio (LANL)

Performance of the Klystron Modulators at the S-Band Test Facility at DESY

MO4069

S Choroba, J. Hameister, M. Kuhn (DESY)
Advanced Buck Converter Power Supply " ABCPS' for APT

R. Street, T. Overett, E. Bowles (General Atomics)
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MO4070

Status of the 36 MHz RF-System for the High-Current I njector at GS|

W. Vinzenz, W. Gutowski, G. Hutter (GS Darmstadt); B. Rossa (Thomcast AG Turgi
Siss)

MO4072 Klystron RF Stabilization Using Feedforward Cir cuit
H. Hayano, M. Akemoto, T. Naito, S. Takeda (KEK); D. Aizawa, M. Higuchi, T.
Sakamoto (Tohoku-Gakuin University)

MO4073 I mprovement in the Upgraded M odulator of the KEKB Injector Linac
H. Honma, T. Shidara, S Anami, K. Nakahara (KEK)

MO4074 New High Power 200 MHz RF System for the LANSCE Drift Tube Linac
J. Lyles, C. Friedrichs, M. Lynch (LANL)

MO4075 Accelerator Production of Tritium 700 MHz and 350 MHz Klystron Test Results
D. Rees, M. Lynch, P. Tallerico (LANL)

MO4076 Electromagnetic Cold-Test Characterization of the Quad-Driven Stripline Kicker
SD. Nelson, J.E. Dunlap (LLNL)

MO4077 Solid-State Switch M odulator Deck for the M1 T-Bates S Band Transmitter
C. Wolcott, R. Campbell, A. Hawkins, W. North, L. Solheim, R. Trepsas, D. Wang, A.
Zolfaghari (MIT-Bates); M. Gaudreau, M. Mulvaney (Diversified Technologies Inc.)

MO4078 Design, Analysisand Testing of a High Thermal Conductivity Waveguide Window
for Usein a Free Electron L aser
T. Schultheiss, V. Christina, M. Cole, J. Rathke, Q. Shu (Northrop Grumman Corp.); T.
Elliot, V. Nguyen, L. Phillips, J. Preble (TINAF)

MO4079 Design Considerationsfor Very High Power RF Windows at X-Band
W.R. Fowkes, R.S. Callin, E.N. Jongewaard, D.W. Sorehn, SG. Tantawi, A.E. Vlieks
(SLAC)

MQO4080 Strategiesfor Waveguide Coupling for SRF Cavities
L.R. Dooalittle (TINAF)

MO4081 Systematic Design of an S-Band Pillbox-Type RF Window
A. Joestingmeier, M. Dohlus, N. Holtkamp (DESY)

MO4082 Design of a HOM Broadband Absorber for TESLA
M. Dohlus, A. Joestingmeier, N. Holtkamp, H. Hartwig (DESY)

MO4083 Biperiodic Disk-and-Washer Cavity for Electron Acceleration
H. Ao, Y. Iwashita, T. Shirai, A. Noda, M. Inoue (ICR-Kyoto Univ.); T. Kawakita, M.
Matsuoka (MHI)

MO4084 TheEstimationsfor Mechanical Vibrations of Stems-Like Elementsin RF Cavities
A.S Levchenko, V.V. Paramonov, R.S. Ter-Antonyan (INR RAS)

MO4085 Fabrication of the C-Band (5712 MHz) Choke-M odeType Damped Acceler ator
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LOW-[3 SC LINACS: PAST, PRESENT AND FUTURE*

Lowell M. Bollinger
Argonne National Laboratory, Argonne, lllinois 60439 USA

Abstract 2 FIRST SC ION LINAC

This paper is a ger_1era_1| review of super.con.ducFing ﬂOW'The demands on SCow-f3 studies at Argonnehanged
technologyandapplications from its beginning in 1969 greatly in 1974 when the Atomic Energiommission

into the near-term future. The emphasis is on studies é?(ﬁreed tosupport construction of a small SC linde.,
accelerating resonatoesd on SClinacs that boost the we had toconsiderall aspects of the system: R#hase
energy of heavy-ion beams frotandem electrostatic control, beam optics, cryogenics, etc. - not just the
accelerators used for nuclear-physics research.  Ottamcelerating structures. Our initial plan was to bisell
topics are positive-ion SC injectors taeplace tandems helix resonators for a 13-MV linac to boost #ergy of
andthe needfor acceleratingstructures withB outside of heavy ions from our 8.5-MV tandem. Fortunatedgfore

the present proven range, 0.008 < 0.2. our fundingarrived inlate 1975 wewereable to replace
the helix with the Callechsplit ring, but with several
1 EARLY HISTORY changes: (1) Nb as tl#®C, (2) a smallerfrequency (97

) ) MHZz) so as to increase the active lengihd(3) an outer
The development ancbnstruction of thesuperconducting housing made of Nb explosively bonded to copper.

(SC) electron linac atStanford stimulated others to Figure 1 compares our design to other structuresibet
investigate SC technology needed to accelerateBlaons  avaijlable at the time.

[1]. This effort started (1969) at Karlsruhe, Germany.
Much of this work was devoted to Nb helix resonators and
relatedtechnology. Accelerating fields of 2 to 3MV/m
were achieved fo = 0.04, suggesting that it wésasible

to build a useful SC loy- linac. However, it was

difficult to control the RF phase of a helbecause of its  _J -
mechanical instability. i — |

In 1970, a small group at Cakchalso started studies —-35 =
of the helix, but later found that other geometries provided I
greater accelerating fields and mechangtability. These CAL TECH
new units includedthe “split ring”, two curved RFarms ARGONNE LEAD SPLIT RING
driving two drift tubes with opposite phases. Unlike the  NIOBIUM SPLIT RING 150 MHz
helix, for the split ring the RFand the field-formation 98 MHz
elementsare independenthus allowing the RF arms to
be mechanically stiff. All of the loy-structures at Cal
Tech used lead plated on copper as the SC.

In 1971, a group at Argonne joined the study of SC —:— - —- -—
low-B technologyand,from the beginning, the goal was l
to build a SC linac to boost thenergy of heavyons KARLSRUHE
from a tandem electrostatic acceleratdygain, thiswork HELIX
started with the single-cell helix,and two such Nb 108 MHz STANFORD
structures § = 0.06) with independentphase control 9 10 20 30cm REENTRANT

accelerated aion beam (proton) for the first time. This CACITY 430 MHz

and other achievements led to a proposal to buddall ) ) ) )
SC low$ linac. Figure 1: Heavy-ion accelerating structures in 1977.

A fourth effort (1973) on a lov# structure was at ) _
Stanford, where a small group studied a Nb cavity @ith ~ The layout of thetandem-boostefinac system [2] is
= 0.04 and f =430 MHz. For thesegarameters, the shown in Fig. 2. Note the beam bunching system [3], 2
accelerating gap was very narrow (~ 1 cm), whiuired bunchers and a chopper, which converts ~ 65% of the DC
the accelerating field to be exceptional largetfos unit ©€am of the tandenmto narrow beanpulses (~ 200 ps).

to be competitive with other structures, whizadactive  Initially the pulse rate of the beam was 97/2 = 48.5 MHz
gaps ranging from ~ 5 to 15 cm. but, at theuser’'s request, itvas soonreduced t097/8 =

12.125 MHz. Two classes of resonatars used in the
*Work supported by the U.S. Department of Eneryyiclear booster: = 0.065and3 = 0.105. The split rings are
Physics Division, under Contract W-31-109-ENG-38. closely mounted in groups of @parated by SC beam-




focusing solenoids, the firsccelerator ofany kind in Table 1. Heavy-Ion Tandem-Linac Accelerators

which SC was used for both acceleration and beam opticgacation Accelerating Structure f(Mhz) B
Argonne--(In USE) Split Ring (Nb) 97 .065 — .105
lon Source Stony Brook--(In USE) SR + 1/4 Wave (Pb) 150 06 - .10
N i1 - Tandem-Linac Sy stem Florida State--(In USE) Split Ring (Nb) 97 105
Saclay--(Terminated) Helix (Nb) 135 08
=p Buncher . X
Key Design Features U. Washington--(In USE)  1/4 Wave (Pb) 150 10 20

1. Buncher JAERI (Japan)--(In USE) 1/4 Wave (Nb) 130 10

2. Independent Resonators Kansas State-«In USE) Split Ring (Nb) 97 105
Stripper #1 3. Resonator Performance

Legnaro (Italy)--(In USE) 1/4 Wave (Pb, Nb, Nb/Cu) 80, 160 055 - .11 > .15
Sao Paulo--(?) Split Ring (Nb) 97 105
Bombay--(?) 1/4 Wave (Pb) ? 7
Delhi--(Under Construction) 1/4 Wave (Nb) 97 .08
Canberra--(In USE) Split Ring (P'b) 150 .10
Stripper Ni20* ] ) .
#2 Linac with Independently-Phased Resonators The second SC linac was built at Stony Brook [5] with
e split-ring Pb/Curesonatorgrovided by Cal Tech. The
Phase Superconducting other parts of the linawere handled by amall group of
Buncher Detector Resonator Solenoid
faculty membersand students at Stony Brook. | was

especially impressed that students, after trairditywork
Figure 2: Main components of a tandem-linac system. suych as welding large pipes.
The linac at U. of Washington [8] was the first to use

The phase control afachresonator is controlled by a the quarter-wave resonator (QWR), a new class of
VCX (voltage control reactance) but, in spite of the sturdytructuredeveloped atony Brook [17]. Two types of
arms of our split rings, our initial VCR’providedonly  units are usedd = 0.10 and3 = 0.20, both with Pb/Cu as
marginal control. After several major upgrades, the the SC. These relatively large values @f indicatethat
control problem was removed by a VCX that hastared the goal was toacceleraterather light ions, including
energy of 30 kwW. protons, as needed by the research program.

As soon as a small part of the booster wpsrable it The linac at JAERI (Japan) [9] was the first to use Nb
was tested (June, 1978)and soon used for research for QWR. Theoval-shapeduter shell of these units are
(September, 1978).  This step-by-stepproach was explosively-bonded Nb t&€Cu. Theseunits provide an
continued forthe next 3yearsuntil the booster was average accelerating field > V/m, much greaterthan
completed. The goals of the projeeére more than met: other SC low linacs in routine use.
an accelerating/oltage of ~ 22 MV, excellenbeam  The most ambitious of all SC lofprojects [11-13] is
quality, short beam pulsesdequateacceptance of the at Legnara(ltaly). It's injector is a 15-MV tandem, and
tandembeam, easy change of beam energyd future the linac is designed to provide 48 MV, both substantially
expandability. larger than any othetandem-linacsystem. The initial
In late 1983 funding wasbtained to extenthe booster plan was to use QWR units with Pb/Cu as the SC, and
linac and toadd anadequateexperimental area. The goal some such unitsvereinstalled, testedand used. These
was to be able to accelerate ions witlk A30 toenergies jnitial structuresarenow beingreplaced byseveral kinds
above theCoulomb barrier (~5.5 MeV/A). Since the of RFQ units in which the SC is bulk Nb metal in some
original linac was operating well, wesed the same and Nb sputtered on Cu in others [11,12,13,18].
technology for the addition. Aftecompletion in 1985, An interesting aspect of the teams that hdesigned and
the entire linacprovides ~ 38MV; and the enlarged built the SClow-B linacs is thatvery few persons who

tandem-linac system [1,4] was named ATLAS. played major roleshad much experience in accelerator
technology before entering the SC Ifwgame;indeed, |
3 EXISTING SC LOW-[( LINACS can think of only one American who did have earlier

. . , - experience. Orthe other handmost of the leading
During the twenty-year periodfollowing the initial fiqures were phvsicists who had a thoro erstandin
success of thdandem-linacsystem at Argonnegther Igures were physicists w ugte ng

laboratories undertook similar projects [5-15], listed irPf their goals.

Table 1. Their primary goalserethe same adiscussed
in Sec. 2, but often with significantifferences in 4 ACCELERATING RESONATORS

technology, asndicated inTable 1and in[1,16]. For The SC lowp resonators available in 19Zfeshown in
lack of space, only &w of thesetandem-linacsystems Fig. 1. Since then, many other structures hbeen
arementionedbelow. Accelerating structureare treated  studied,starting with thequarter-waveresonator(QWR)
in Sec. 4. developed [17] at Stony Brook in 1983. Tlboratories
involved in these investigationare listed in Table 2,
which includes(a) work before 1983, (b) otherdesigns



that have been fully tested, and (c) work now in progress. ‘}T’

Most of these unitsvere designedor use inplanned or
existing linacs.

Table 2. Development of Accelerating Structures

Split Ring 1974-1982
Cal Tech - Pb
Argonne - Nb
Stony Brook - Pb
2-Gap Quarter Wave 1982 —>
Stony Brook - Pb
Rehovot (Israel) - Pb
U. of Washington -  Pb
Argonne - Nb
Bombay - Pb
JAERI (Japan) - Nb
Legnaro - Pb, Nb, Sput. Nb, NsSn
Canberra - Sputtered Nb
4-Gap Interdigital 1985-1990
Argonne - Nb
2-Gap Half-Wave 1990 —

Cal Tech + Argonne - Nb
Argonne + CEBAF - Nb

2-Gap QW with Nb Outer Jacket 1992 —>
Legnaro - Nb

2-Gap QW with SS Outer Jacket 1992 —>
Argonne + Delhi - Nb

RFQ 1990-1993
Stony Brook Pb

Liquid
Helium
Nb Fast
Housing Tuner
Port
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Figure 4. New resonators.

The long-term efforts at Legnaiand Canberra to use

Figure 3 shows some of the resonators initiated in trgputtered Nb on Cu ahe SC surface arenow being
1980’s: all but thenalf-waveunit arenow in use. The tested onthe linac atLegnaroandthe resultsare very

units in Fig. 4are more recent products fowhich an

encouraging18,19]. It seems unlikely that sputter Nb

important objective is to reduce fabrication costs. Desigwill be superior to bulk metal, but it may reduce costs.

changesand improvements inwelding appear tohave
reduced costs by a factor of ~ 1.5.
o ‘

2
%

GG

I"l’—
N~
B=0.12 =
355 MHz S
1/2 Wave Nb Lo
Argonne ]
o
B=0.01 J
150 MHz
1/4 Wave Pb o _|
U. of Wash. N

p=0.025
wnpat 48.5 MHz
N 1/4 Wave Nb
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130 MHz Argonne.
1/4 Wave Nb
JAERI.

Figure 3: SC resonators from the 1980's.

In SC lowf resonator design, many factaneed to be
considered: the SC material, RFrequency,optimum 3,
number of acceleratinggaps, mechanicalstability, the
number ofdifferent resonatortypes neededthe ratio of
accelerating field tomaximum surface field, fabrication
difficulties, and costs. Many of these factors interact with
eachother, making it impossible tdetermine a unique
solution. For example, for resonators in routine use, the
split ring in ATLAS has thegreatest accelerating voltage
because ofts large sizegenerated byts threegaps, low
frequency, andhigh 3. However, thehigher-frequency 2-
gap QWR in the JAERI linac has greater accelerating
field, is more stable mechanicallgnd is effective over a
wider range off. Which one is better?

5 POSITIVE ION INJECTOR

The linacs discussedabove were energy boosters for
tandems, an injector which requires a negative-ion source.
By 1983 we at Argonne recognized that our tandesded
to be replacetbecause it couldiot produceuseful beams
for the upper half of theeriodictable. After considering
several possibilities, including a mutdrger tandem, we
decided to build gositive-ion injector (PIl) consisting of
an ECR ion source on a voltage platfoiotiowed by a
very-low{3 SC linac [20,21].

Since ECRsourceswere well developed bythe mid-
1980’s and the bunching concept used at our tarcteid



be used aPll, the main challenge was the linaghich
had to acceleratons from 3 = 0.008 up top = 0.05
without destroying the excellent quality of beafram
the ECR. The fronend of the linac seemedespecially
difficult because of the verlow velocity and the rapid

Split-Pole
Spectrometer
50

(feet)

Approx. Scale

change in velocity of the beam. = g

One of the four interdigital resonators [22] used to spargs c® o
the required@ range isshown in Fig. 3. The housing is g; %;
Nb explosively bonded to Cu, and this housing is = §'§
compressed arourthe beam line so as to form awal- CF

g
like shape. As in the booster linacs, SC solenoids are g
located after one or two resonators so as to minimize the §
beam size within resonators. The PII linac is easitgd ©
and, in practice, the whole ATLAS linac (including PIl) is
now usuallytuned tothe samerecordedvelocity profile
for many ion speciesand consequently tuning is
exceptionally easy and rapid [23].

A different positive ion injector [24] is planned for the SC
linac at Legnaro. The ion source is BEBR, ofcourse,
andits output isinjectedinto anarray ofthree Nb SC
RFQ’s followed by a QWR section. These RFQ 80 MHz : rmrcare
units are designed to cover tRerange0.009 to 0.05. A I@i —_—
full-scale stainless-steel model of an RFQ Haeen ' A
studied and a Nb unit is under constructiddased on the 2 T8
experienceor other SC lowB resonators, phase control N
for a large SC RFQ may be difficult. In tearly 1990's

a SC lowB RFQ was builtand tested atStony Brook
[25], but phase control was not attempted.

6 OPERATIONAL EXPERIENCE AT
ATLAS

ATLAS is the largest and most intensivelged SC low- )
B linac now in operation. The overall layout of theFigure 5: ATLAS in 1998.

system is shown in Fig. 5. The primary injector is PII,
where a second, more powerttlCR ion sourcehasbeen
addedrecently. Thetandem isstill usedfor very light Small linacs might be useful in materiasience and
ions and for radioactive species. industry. For example, most ion implantationdsne
The first experiment with a small part of ATLAS waswith small electrostatic accelerators which provide limited
20 yearsago, Sept. 1978. Since then the system hagpths ofimplantationandrange ofion species. These
been used steadily as the linac grew, and in recent yearsjititations could be removed by a small SC Ifviinac.
beam has beerused for research andoccasionally However, it is not obvious that thisapproach is
development formore than 5,000 hr. annually [23]. optimum, especially since CW operation may not be
Overall, since 1978 ATLAS has provided ~ 70,000 hr. ofieeded.
useful beam time. SC acceleratingtructures fointermediatel ions may
Because ofits positive ion injector, ATLASprovides pe attractive for a number odicceleratorsnow being
beams for all parts of the periodic table. Twsle range considered, of which | will mention two. One class is the
is used regularly; for example, 28&different isotopes high-current high-energy machines thaive beerstudied
ranging from hydrogen to uraniumere used ifFY1997.  at Los Alamos. Thefave tested?00 MHz SC cavities
Altogether, there were 63 separate runs ranging from 8 Ryith g = 0.48, 0.64, and 0.82, and have concluded that for
to 8 days. them, room-temperature structures are bettefer0.48,
and SC is optimum for the other two [25].
7 NEEDS FOR NEW ACCELERATING Another active proposal is aadioactive ion beam
STRUCTURES accelerator (RIB) at Argonne. The driver of this system is
Several future applications of SC linacs come to mindo be a 200-MV linac that can accelerate both protons and
(1) small linacs for purposes other thamclearphysics, much heavierions. CW operation is highlgesirable,
(2) accelerating structures for intermeditins, and (3) which makes SC technology very attractive. In an
radioactive ion accelerators (RIB).
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Argonne-CEBAF collaboration [27], a SQ/2-wave [2] J. Aron et al., Proc. 1979inear Accel. Conf.,
resonator with f = 350 MHz arfél= 0.4 is being built for Montauk, NY, 511-34 (1979).

possible use in the RIBriver. Animportantfeature of [3] F. J. Lynch et al., Nucl. Instr. Metl159, 245-263
the 1/2-wave design (se€ig. 3) is that its ratio of (1979).

accelerating field to surface field substantiallygreater [4] J. Aron et al, Rev. Sci. Instrumb7, 737-739
than for all other low resonators and, consequently, in  (1986).

an earliertest [28] on aB = 0.10 unit, the maximum [5] J. R. Delayen e&l., IEEE Trans. Nucl. SciNS-26
accelerating field was 18 MV/m, ~ 50% greater toémer (3), 3664-3666 (1979). .

low-B units as shown in Table 3 of [20].However, [6] J. D. FO?( et al., Rev. Sci. Indi7, 76.3 (1986).
additional experience isneeded before the optimum [7] IIBE.ECEaUGV(IJri eltgzlé, Proc. 1989 Particle Accelonf.
structure can be chosen. y ( )

. . . WL o l. Instr. Meth. 287, 247-
The third need for resonators is time rangebelow 3 = €] I2352V\é1959tg)rm et al. Nucl. nstr. Meth. 287

0.008, the present limit set for SC by the fiestonator ég] S. Takeuchi et al., Nucl. Instr. Meth382 153-160
in PIl at Argonne. The requirements for the Argonne RI (1996). T

are extreme: to accelerate a CW beam of radioaithv@ 10 T. J.Gray, Rev. Sci. Instr. 5783 (1986).

with /A = 1/120 through the range frgbn= 0.001 t0f  [11]G. Fortuna et al., Nucl. Instr. Meth. 388 236
= 0.008 without seriouslgeteriorating the beam quality. (1993).

The systemplanned[29] has two steps: a CWbom- [12]G. Fortuna et al., ProcXVIIl Intl. Linear Accel.
temperature 12.125 MHz RFQ on a 300 kV platform for ~ Conf., Geneva, 905-909 (1996).
the3 range0.001 to 0.0025followed by a second RFQ [13] A. Dainelli et al., Nucl. Instr. Meth. 282 100-106

on an independent voltage platform for feange0.0025 (1996).
to 0.008. The first RFQ is undergoing tests now [29] and4] A. Roy, Proc. 8Th Workshop RF Superconductivity,
seems likely to be an excellestlution, and the second Legnaro, 1997, to be published.

RFQ should be lessemandinghan the firstoecause of [15]A. E. Stuchberyand D. C. Weisser, Nucl. Instr.
the greater velocity of the beam. Note that the very low Meth., A382 172-175 (1996).

RF frequency is an essential desfgature because of its [181D. W. Storm, Nucl. .Instr. Meth. 228 213-220
low RF-power requirements. It appeatisen, that if a (1993); K. W. Shepard, Nucl. Instr. Meth.382,
very low RF frequency isacceptableand if the 12.125 128-131 (1996)'

MHz RFQ's function as well agxpected,then SC [17]1. Ben-Zwi and J. M.Brennan,Nucl. Instr. Meth.

" 212 73 (1983).
structures are not competitive bel@w 0.008. ST : .
As has been hinted gy the top?lc:entioned in this ﬁg% X Eﬂalg'e”’ |'|n proceeldmg?)of thlbsipﬁn:;erence.
. ) ) . M. Porcellato et al., to be published.
section, there are still many questions to banswered [20]L. M. Bollinger, Nucl. Instr. Meth. 828 221-230

about SC lowg linacs. Unlike most of the padtese (1993).
questions are concerned with the two fringes ofithef  121]R. C. Pardo eal., 1992Linear Accel.Conf. Proc.,
spectrum, and answers areededor small but important AECL-10728, 70-72 (1992).

parts of futureacceleratosystems. The subject ®till  [22] K. W. Shepard, Proc. 1986 LineAcceleratorCont.,
interesting - but, for me, not as exciting as it was in the Stanford, 269 (1986).

1970’s. [23] G. Zinkann et al., Nucl. Instr. Meth. 382 132-139
(1996).
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STATUSOF THE TESLA DESIGN

D. Trines for the TESLA Collaboration”
Deutsches Elektronen-Synchrotron DESY, 22603 Hamburg, Germany

Abstract

The status of the layout of the linear collider project,
TESLA, which employs superconducting accelerating
structures, will be presented. Latest results from the R&D
program on 1.3 GHz superconducting cavities, the accel-
erating gradients and quality factors which were achieved
will be shown as well as the performance of the TESLA
Test Facility linear accelerator.

1 INTRODUCTION

Since the first proposal for a superconducting linear
€' € collider by M. Tigner [1] in 1965, accelerator build-
ers [2,3,4] have been fascinated by the potential of super-
conductivity for high energy linear € € colliders. The low
resistive losses in the walls of superconducting cavities
yield a high conversion efficiency from mains to beam
power. As energy can be stored very efficiently in the
cavities, a large number of bunches can be accelerated
spaced far apart in along RF pulse. This allows for a fast
bunch to bunch orbit feedback which guarantees that
bunches from the opposing beams hit head on at the IP
despite ground motion effects.

The shunt impedance per unit length for superconduct-
ing cavities depends on RF frequency o as

[
e ®
A w + RFL’,\'

where &, is the relative energy loss caused by beam-
strahlung, E,, is the centre of mass energy of the € €
collision, 1) is the conversion efficiency from mains power
P,c to beam power, ¢, is the normalised vertica emit-
tance at the IP and H, is the disruption factor. Thus, the
figure of merit [7] for the luminosity performance of a
linear collider is given by n/\/syN. Therefore the combina-
tion of high conversion efficiency and small emittance
dilution makes a superconducting linear collider the ideal
choice with respect to the achievable luminosity.

2 A SHORT HISTORY OF TESLA

The major challenges to be mastered so that a super-
conducting linear collider becomes feasible were to in-
crease the accelerating gradients from about 5 MV/m to
25 MV/m and to reduce the cost per length from existing
systems by about a factor of four to obtain ~ 2000 $/MV.
Encouraged by results from R&D work a CEBAF,
CERN, Cornell, DESY, KEK, Saclay and Wupperta
[12,13,14], severd institutions - the nucleus of the TESLA
Collaboration formally established in 1994 - decided in
1991 to set up the necessary infrastructure at DESY [8] to
process and test 40 industrially produced 9 cell 1.3 GHz
solid Niobium cavities. The aim was to achieve gradients
of 15MV/m at a Q value of 310 ° in a first step and fi-
nally reach 25 MV/m at a Q value of 5-10° suitable for the
linear collider. The infrastructure of the TESLA Test
Facility TTF consists of cleanrooms, chemica treatment

installations, a 1400° C purification furnace, a high pres-
sure water rinsing system, a cryogenic plant to operate
vertical and horizontal cavity test stands at 1.8 Kand a 1.3
GHz RF source. A detailed description of the infrastruc-
ture, which was completed by the end of 1995, will be
given in [9].

In addition the collaboration decided to build a
500 MeV linac as an integrated system test to demonstrate
that a linear collider based on s.c. cavities can be con-
structed and operated with confidence.

favouring RF frequencies in the range of 0.5 to 3 GHz. A
is a function of temperature and material and R is the
residual surface resistance. Because low frequencies are
preferred for s.c. cavities, this make them ideally suited to
accelerate low emittance beams, as the emittance dilution
by wakefields is small (W_~w’). In addition tolerances on
the fabrication and alignment of cavities are very relaxed.
The luminosity of alinear collider is given by [5,6]

\/5— Considerable attention has been given to the subject of
L= const. X2 EI”—D’ACD-I,) (2) costreduction [10,11]. For example:
&N e The number of cells per accelerating structure was

increased to 9 compared to the customary 4-5. This

" TESLA Collaboration: Armenia: Y erevan Physics Ingtitute, P.R. China: IHEP Academia Sinica, Tsinghua Univ., Finland: Inst. of
Physics Helsinki, France: CEA/DSM Saclay, IN2P3 Orsay, Germany: Max-Born-Inst. Berlin, DESY Hamburg and Zeuthen, GH
Wuppertal, Univ. Hamburg, IAP Univ. Frankfurt, GKSS Geesthacht, FZ Karlsruhe, IfH TU Darmstadt, ITE TU Berlin, IKK TU
Dresden, RWTH Aachen, Univ. Rostock, Italy: INFN Frascati, Legnaro, Milano, Univ. Roma Il, Poland: Polish Acad. of Sciences,
Univ. Warsaw, INP Krakow, Univ. of Mining & Metallurgy, Polish Atomic Energy Agency, Soltan Inst. for Nuclear Studies, Russia:
JNR Dubna, IHEP Protvino, INP Novosibirsk, USA: Argonne National Lab., Cornell Univ., Fermilab, UCLA



reduces the number of RF input and HOM cou-
plers, tuning systems and cryostat penetrations, it
also smplifies the RF distribution system and in-
creases the filling factor.

e Costly cryostat ends and warm to cold transitions
were avoided by combining eight 9 cell cavities and
optical elements, which were al chosen to be su-
perconducting, into one long, simple cryostat. Also
the complete helium distribution system has been
incorporated into the cryostat using the cold low
pressure gas return tube as support structure for
cavities and optical elements.

From the work starting in 1990 [13] a concept for a 500
GeV cm energy superconducting linear collider emerged,
operating a 1.3 GHz with a gradient of 25 MV/m at
Q=5'10° and a luminosity of some 510¥ cm™® sec™. A
conceptual design report (CDR) was published in May
1997 [15] giving a complete description of the machine
including all subsystems. The report includes ajoint study
with ECFA on the particle physics and the detector layout.

Since 1990 interest has grown [16,17] in linac driven
X-ray FEL radiation, based on the Self-Amplified Spon-
taneous Emission (SASE) principle [18,19]. As the re-
quirements on the emittance of the beam for a short wave
length FEL are very demanding, again a superconducting
low RF freguency linac lends itself as the best choice for
such an application. The CDR includes the layout of an X-
ray FEL facility integrated into the linear collider as well
as various scientific applications of the FEL radiation. A
detailed report on the status of the X-ray facility will be
given at this conference [20].

3 R&D RESULTSAND ACTIVITIES

Up to now 25 9-cell Niobium cavities have been tested
at the TTF. The majority of the cavities exceeded the
initial TTF design goal of 15 MV/m at Q=3-10°. Fig. 1
shows the measurements in the vertical test stand [26] of
al cavities excluding only those with a well identified
fabrication error. On average a gradient of 22 MV/m at
Q=10" is obtained. In the most recent measurement in the
horizontal test [25] a gradient of 33 MV/m at Q=4-10° has
been achieved.
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Figure 1. Quality factor Q versus acc. gradient for all 9-
cell cavities without fabrication error (vertical test).

The performance limitations seen in six cavities were
due to an improper welding procedure and could be elimi-
nated in the subsequent cavity production. The remaining
cavities not performing to expectations showed inclusions
of Tantalum grains in the Niobium. Such defects will be
avoided by scanning al Nb sheets for impurities with an
eddy-current method. For a detailed information on cavity
treatment procedures and results see [9,21].

All components for beam acceleration through the first
cryomodule were installed in May 97. As the 14 MeV
injector was already in operation at design values [22],
stable beam acceleration in the first module could be
established within a few days. Although the module con-
tained 5 out of 8 cavities with fabrication errors, accelera-
tion gradients of 16.7 MeV/m were obtained in a RF pulse
of 100 psec. For more details see [21,27].

The measurement of cryogenic properties of the mod-
ule such as cryogenic loads, behaviour of cavity positions
during thermal cycles and vibrations stayed well within
the expected limits [23]. Detailed reports on the low level
RF control, achieving a very impressive stability of phase
and amplitude of the accelerating fields, will be given at
this conference [24].

Several alternatives to the welding of dumb-bells for
the production of 9-cell Niobium cavities - like hydro-
forming [28,32], spinning [29], or plasma spraying of
copper on thin walled Nb cavities [30] - are being pursued
within the collaboration. If successful, these methods may
eventually lead to a further cost reduction in the cavity
fabrication.

A very important new development was initiated by the
proposal of a cavity "superstructure" [31]. In this scheme
the spacing between adjacent cavities is reduced from 1.5
to 0.5 RF wavelengths and a group of 4 or more of these
closely spaced cavities is supplied with RF power by only
one input coupler. In this way the filling factor - the ratio
of active to total length - increases from 66 % to 76 % or
more, thus reducing the required gradient for 500 GeV cm
operation from 25 to 21.7 MV/m for fixed linac length.
The cost reductions due to the smaller number of RF input
couplers and cryostat penetrations, and the simplification
of the RF distribution system are obvious.

4 TESLA PARAMETERS

In the Conceptual Design Report the machine parame-
ters were chosen such that luminosity and beamstrahlung
energy loss were comparable to other linear collider de-
signs [33]. The potential of the superconducting linac to
accelerate a very small emittance beam with small emit-
tance dilution was not exploited intentionally, keeping
requirements on the alignment and stability of the linac
and final focus components quite relaxed. Since the com-
pletion of the CDR, however, this strength of the TESLA
concept has been investigated to some extent [34] leading
to a new parameter set [35] suited for high luminosity
operation at 500 GeV cm energy (see Table 1). The bene-



fits of the new "superstructure" concept have been incor-
porated into the design.

Table 1: Updated parameters at E_=500GeV in compari-
son with the original reference parameters.

TESLA TESLA
(ref.) (new)
sitelength [km] 32.6 32.6
active length [km] 20 23
acc. Gradient [MV/m] 25 21.7
quality factor Q, [10”] 0.5 1
| e [MS] 800 950
# bunches n/pulse 1130 2820
bunch spacing At, [ns] 708 337
rep. ratef  [HZ] 5 5
N/bunch [10"] 36 2
e /€ (@IP) [10°m] 14/025 |10/0.03
betaat IPB,, [mm] 25/0.7 15/ 0.4
spot size g, /g, [nm] 845/19  |553/5
bunch length o, [mm] 0.7 0.4
beamstrahlung &, [%] 2.5 2.8
Disruption D 17 33
P.. (2linacs) [MW] 95 95
effiCienCy Nacos [%] 17 23
luminosity [10* cm?s’] 0.68 3
The reduction of the required gradient

(25—21.7 MV/m) leads to an increase of the quality fac-
tor from 510° to 10°. Both effects lower the required
power for the cryogenics. This power savings has been
invested in the beam power. The resulting lower loaded
Q-value corresponds to a shorter filling time of the cavi-
ties, which in turn results in an increased conversion effi-
ciency from mains to beam power (17—23 %).

Although the vertical emittance has gone down by al-
most an order of magnitude as compared to the CDR,
tracking simulations [36] show that the emittance only
grows by 23 % and 17 % due to single bunch and muilti
bunch effects respectively. However, most of the growth
due to multibunch effects is not an incoherent spot size
dilution but a systematic variation of the beam center
aong the bunch train at the IP. In combination with the
larger disruption parameter - as compared to the CDR -
these offsets may drive the opposing beams apart and
critically reduce the luminosity. Fortunately, being mostly
systematic, the offsets can be strongly reduced by the fast
bunch to bunch orbit feedback. Further investigations of
thistopic will be needed, however.

As is to be expected the smaller spot sizes of the col-
liding beams put stronger requirements on the accuracy of
the fast orbit feedback at the IP [37]. To keep the lumi-
nosity loss below 7 % the relative offset of the opposing
beams at the IP has to be kept below 0.1 o, [38]. This
requires a bpm resolution at the final focussing quad-
rupoles of 2 um, which should be feasible.
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As, for a given beam energy and beam power, the dis-
ruption parameter Pis proportional to the product of
luminosity and bunch length [35], the increase gfaDa
higher luminosity can be compensated by shortening the
bunchlength. This handle has been applied only moder-
ately up to now in the new design due to problems in the
damping rings.

The TESLA damping rings are quite unconventional
machines. At a beam energy of only 3.2 GeV they have a
circumference of 17 km, of which 95 % are straight sec-
tions, located inside the TESLA tunnel (see Figure 2).
Only two short return bends on either side with extra
tunnels are needed ("dogbone"), thus saving substantially
on civil engineering costs. However, the large circumfer-
ence C and the low energy lead to an unfavourable en-
hancement factor of the incoherent space charge tune
shift:

no-o e 3
E® 0. &8,

Already for the CDR parameters the vertical tune shift
amounted to -0.18. Further reductions of bunchlength and
emittances therefore would lead to uncomfortably large
tune shifts. The proposed cure for this problem [39] is to
increase the beam size in the long straight sections by
coupling the longitudinal or horizontal emittance to the
vertical plane. First calculations [40] show that the space
charge tune shift can be very effectively reduced in this
way without trading in problems due to intra-beam scat-
tering.

SLAYOUT OF THE COLLIDER
FACILITY

There has been consensus within the collaboration that
the linear collider facility must be built at an existing high
energy physics laboratory to make use of the existing
infrastructure and staff. In the CDR two possible sites
have been envisaged, one being DESY, the other Fermi-
lab. Both sites allow for a future option to collide
500 GeV &€ with high energy protons circulating in
HERA or the Tevatron.

This option fixes the possible direction of the linear
collider. At DESY the tunnel is foreseen with the main
linac axis being tangential to the West straight section of
HERA, extending about 32 km into the state of
Schleswig-Holstein. The countryside is flat at about 10 m
above sea level with maximum height variations of some
10 m. The tunnel axis is foreseen at 8 m below sea level,
giving more than sufficient soil coverage for radiation
protection. The soil, consisting mainly of sand, allows for
easy tunneling by the hydroshield method, which was also
used at HERA. The tunnel follows the earth's curvature



over most of its length, except for a section of about 5 km
length to direct the tunnel axis tangentially to HERA.

A view into the planned tunnel (diameter 5.2 m) is
shown in Fig. 2 a a section which contains the straight
sections of the "dogbone" damping ring (upper left side)
and several beam lines (right below the cyromodule) to
the FEL facility. At the top of the tunnel there is a mono-
rail for the transportation of equipment and personnel.

Figure 2: View into the TESLA Tunnel.

Klystrons and their pulse transformers are installed
horizontally below the floor in the middle of the tunnel
above the cooling water tubes. There is a total of about
625 10 MW Kklystrons including about 2.5 % spare. Each
klystron feeds 32 9-cell cavities corresponding to a length
of about 48 m. With a lifetime of 40,000 hours about 10
klystrons will have to be replaced in a one day interrup-
tion once per month.

The experience of the SLC [41] on the failure rate of
modulators does not permit an installation into the tunnel,
inaccessible during machine operation. Therefore in the
present layout the modulators are housed in service halls
above ground connected to the pulse transformers in the
tunnel by long cables (Fig. 2, lower right). However, the
design of modulators reliable enough to be installed into
the tunnel is being investigated.

Service halls, spaced along the collider at a distance of
about 5 km are needed for the cryogenic plants [42] in any
case. The length of superconducting linac that can be
cooled by a cryoplant is about 2.5 km. This distance is
mainly determined by the pressure drop in the large return
tube (300 mm diameter) for low pressure Helium gas at
about 2 K. The pressure in tube determines the vapour
pressure of the superfluid helium surrounding the cavities
and thus the operating temperature of the cavities.

Each service hall houses two cryoplants each supplying
a 2.5 km section of the linac. In case of a failure of one
plant, the other one can supply two sectors operating the
collider at a reduced repetition rate. The big cryogenic
boxes are planned to be installed in the 14 m diameter
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shaft connecting the service hall with the tunnel (see Fig.
3).

Due to the large spacing between consecutive bunches,
there is no crossing angle required at the IP and conse-
guently no angle between the tunnel axis of the two linacs.
The beams are deflected by electrostatic separators, hav-
ing passed the interaction region and the large aperture,
superconducting quadrupole doublet. A tunnel length of
about 1.2 km between the IP and the ends of either super-
conducting linac is needed for the beam delivery system
[15] containing beam collimation systems, beam diagnos-
tics and orbit correction elements, and the fina focus
system, demagnifying the beam size and correcting chro-
matic effects. These tunnel sections aso house the beam
dumps and the positron source.

As the amount of positrons needed for a beam pulse ex-
ceeds the potential of conventional positron sources, the
electron beam having passed the interaction region is used
to produce the required number of positrons. In this
scheme, proposed in the original VLEPP design [43], the
spent electron beam is collimated and passed through a
wiggler producing large quantities of y-rays, which con-
vert in athin rotating target into €' € pairs. The fraction of
positrons which can be captured by the source optics,
accelerated to 3 GeV and stored in the dogbone damping
ring yields a sufficient number of particles for the opera-
tion of the linear collider. With the new design parameters
the fraction of the spent electron beam usable for positron
production actually increases from 86 % to 93 % due to
the smaller beam emittance, thus substantially reducing
the power load on the collimators [44]. Although a de-
tailed technical layout of the positron source is still miss-
ing, first investigations indicate that the whole system can
well be accommodated into the tunnel.

6 ENERGY UPGRADE POTENTIAL

With the new "superstructure" concept the gradient
needed for 800 GeV cm energy is 34 MV/m. From the
results on cavity R&D (section 3) the optimism, that aver-
age gradients well above 30 MV/m at Q values of 510°
can be reached within the near future, is well justified.
The theoretical maximum gradient for our structures lim-
ited by the critical magnetic field is at about 55 MV/m.

All subsystems of the collider have been laid out for
800 GeV operation. The number of klystrons and modu-
lators will be doubled. With the present layout of the
cryogenics the repetition rate of the collider will have to
be reduced from 5 to 3 Hz to maintain the level of avail-
able cooling capacity. By further reducing the normalised
vertical emittance by afactor 3 to 10° m , a luminosity of
510* cm® sec” can be obtained [35], the beamstrahlung
energy loss staying below 5 %. The mains power re-
quirement will go up to 130 MW. An upgrade of the
cryogenic cooling capacity will alow luminosities close
to 10° cm” sec™ to be reached by running the collider at a
repetition rate of 5 Hz.



Figure 3: Service hall with shaft connection to the tunnel.

70OUTLOOK

On the basis of the existing knowhow, orders to indus-
try are being issued to evaluate the requirements of large
scale industrial cavity production. Together with a de-
tailed layout of all subsystems of the collider the informa-
tion from the industrial studies will alow for a proposal
containing technical design of the facility, and a reliable
schedule and cost evaluation, to be submitted in two to
three years from now. To obtain public acceptance the
states, the communities, and the residents involved have
been informed about the planning. An administrative
procedure to eventually ensure the necessary legal condi-
tions for the construction of the facility - if approved - is
underway.
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X-BAND LINEAR COLLIDER*
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Abstract

At SLAC and KEK research is advancing toward a
design for an electron-positron linear collider based on
X-Band (11.4 GHz) rf accelerator technology. The
nominal acceleration gradient in its main linacs will
be about four times that in the Stanford Linear Collider
(SLC). The design targets a 1.0 TeV center-of-mass
energy but envisions initial operation at 0.5 TeV and
alows for expansion to 1.5 TeV. A 1034 cm 2 s—1
luminosity level will be achieved by colliding multiple
bunches per pulse with bunch emittances about two
orders of magnitude smaller than those in the SLC. The
key components needed to realize such a collider are
under development at SLAC and KEK. In this paper we
review recent progress in the development of the linac
rf system and discuss future R&D.

1 INTRODUCTION

For the next generation electron-positron linear
collider, one wants to generate at least one TeV
center-of-mass collisions to complement the physics
reach of the Large Hadron Collider (LHC) that is being
constructed at CERN. At SLAC and KEK research has
been focused on a collider design that uses X-Band
(11.4 GHz) rf technology to achieve this goa [1,2].
The design has evolved largely from the experience
gained from operation of the Stanford Linear Collider
(SLC) where S-Band (2.9 GHz) rf technology is used
to accelerate beams to about 50 GeV. Increasing the rf
frequency alows for higher gradients (72 MeV/m
versus 17 MeV/m in the SLC) which keeps the
machine cost from becoming prohibitive at the higher
energies.

To be efficient, multiple bunches (95) will be
accelerated on each rf pulse (120 Hz repetition rate).
There will be about 1010 particles per bunch and the
bunch spacing will be 2.8 ns. These 0.6 A beams will
reduce (load) the gradient in the 1.8 m long X-Band
accelerator structures by 16%. Including energy
overhead, the effective gradient in the structures will
be 55 MeV/m. The structures will fill 86% of the lineal
distance along the main linacs so 10.4 km long beam
lines will be required to accelerate the electron and
positron beams from their 10 GeV injection energies to
500 GeV. However, the collider will be operated

* Work Supported by DOE Contract DE-ACO03-76F00515.

initially with a 500 GeV center-of-mass energy where
only the first half of each of the opposing linacs will
contain rf components, and the beams will ‘drift
through the remaining halves.

The main components of the linac rf system are the
modulators that power the klystrons, the 75 MW
klystrons that generate the rf, the distribution system
that transports the rf to the accelerator structures, and
the structures themselves. In the following sections, we
review the designs, recent R&D and future develop-
ment plans for these components.

2 MODULATORS

The modulators that are used in the SLC are
conventional line-type with pulse-forming networks
(PFN). These networks are composed of discrete
inductors and capacitors that are slowly charged and
then rapidly discharged (via a thyratron) through a
step-up transformer to generate the high voltage pulse
needed to drive an SLC klystron. A similar approach is
being pursued at SLAC to produce the 490 kV, 260 A,
1.5 ps long pulses required for the X-Band klystrons
that are being developed [3]. The current design has a
single modulator powering two klystrons through a 14:1
transformer. A prototype version has been built using
high-energy-density glass-type capacitors, and tested
with a single S-Band klystron at a lower voltage
(290 kV) to produce the same impedance as two
X-Band klystrons. In this configuration, 89% of the
stored energy is transferred from the modulator to the
klystron, and 82% of the transferred energy is within
the 1.5 us long pulse flattop, between the pulse rise
(350 ns) and fall (450 ns) periods. The charging power
supply used in the test was not particularly efficient;
however, if the goal of 90% is achieved, the overal
energy transfer efficiency from AC to usable klystron
beam power would be 66%.

To improve efficiency, KEK is working with a
Blumlein modulator configuration [2]. Here a step-up
transformer of half the turns-ratio as the conventional
configuration sits between two PFNs of the appropriate
impedance to double the primary voltage. In principle,
this should yield a faster rise time due to the lower
leakage inductance of the transformer [4]. However,
tests thus far with klystron loads have yielded values
comparable to the SLAC results. Both groups will
continue to upgrade their test setups to improve



efficiency, reduce costs, and handle the full klystron
pulse requirements.

One drawback of these modulator designs is their
use of thyratrons which in general have relatively short
lifetimes (10-20 khour) and require periodic tuning. As
an aternative, a solid-state induction-type modulator is
being developed at SLAC and LLNL that has the
potential of better reliability and higher efficiency [5].
The basic idea is to sum many low voltage sources
inductively to yield the desired klystron voltage. This
has been realized by having each source drive a
transformer made from a 4.5 inch ID, by 11.5 inch OD,
by 2 inch thick Metglass core. The cores are stacked
so the secondary windings, which sum the output
voltages, can be threaded through their IDs. Each
source is essentially a capacitor that is slowly charged
and then partially (20%) discharged through a solid-
state switch to generate the pulse.

Recent improvements in Isolated Gate Bipolar
Transistor (IGBT) switches, which are used in electric
trains for example, have made this induction scheme
conceivable. They have relatively fast rise and fall
times (< 100 ns between 10% and 90%) with turn-off
occurring after a fixed delay of about 100 ns from the
end of the gate pulse. Tests so far have been done with
resistive loads: a single source has directly (no core)
switched 1.5 kA at 2 kV, and an 18 kV pulse has been
generated inductively through a six-core stack with
single-turn primaries and a four-turn secondary.

Although the switching times are fast in these cases,
the rise and fall times in actual operation will be
somewhat longer due to the combination of the modu-
lator leakage inductance and the klystron capacitance.
Simulations have shown that a 1:1 turns-ratio is needed
to produce fast enough rise and fall times (= 200 ns) to
yield an overal efficiency of 75%. Part of this
efficiency would come from including circuitry in each
source that would recover much of the stored energy
remaining in stray inductances and capacitances after
the IGBTSs shut off.

For the 1:1 turnsratio design, one hundred 5 kV,
2 kA sources are summed to drive 8 klystrons. IGBTs
capable of switching such power are expected to be
available soon. Failure of any single source should be
benign; the core will saturate and be nearly transparent
to the pulse. Some overhead in voltage capability will
be included to offset such a loss. Also, the sources will
be independently timed to better shape the pulse, for
example, to offset the natural droop. One potential
problem in driving many klystrons is that an arc in one
will be fed by the stored energy in the others (the
circuit itself can be shut off in time to not be a
problem). Adding inductors in the power feeds that fan
out to the klystrons should reduce the discharge power
to a manageable level. In the next year a more
realistic prototype will be built to better evaluate this
induction modulator scheme.

3 KLYSTRONS

During the past decade at SLAC and KEK, research
has been directed at developing X-Band (11.4 GHZz)
klystrons in the 50 to 130 MW range [1,2,6,7,8]. Until
the last few years these klystrons have used large
solenoid magnets to focus the beam in its path from
the gun through the bunching and output sections to the
collector. However, the power used by these magnets,
around 20 kW, is comparable to the average rf output
power so it has a big impact on efficiency. This has
prompted the development of a focusing scheme that
uses permanent magnets so there is no associated
power |oss.

Before discussing this scheme however, we review
results from the latest and perhaps last generation of
solenoid-focused X-Band klystrons that SLAC and
KEK will develop. They operate with a perveance
(I [Amps] / V32 [Volts]) of 1.2x106 and contain four-
cell traveling wave output cavities. At SLAC, the XL4
klystrons are the culmination of its 50 MW klystron
development program. Six of these tubes have been
built, and they are used as X-Band rf sources for
component testing and beam acceleration in the Next
Linear Collider Test Accelerator (NLCTA). They
reliably generate 1.5 ps long, 50 MW pulses with a
41% beam-to-rf efficiency. In a brief test, one klystron
produced 75 MW, 12 ps long pulses at 48%
efficiency. At KEK, the XB72K #9 tube, which was
developed with BINP, has recently produced 72 MW
with a 31% efficiency athough the pulse length was
limited to 200 ns by the modulator. KEK, in
collaboration with Toshiba, has also recently com-
pleted assembly of a tube that is expected to produce
126 MW, 1.5 uslong pulses at 48% efficiency. It uses
longer cavity cells with a lower Qext to be able to
operate at higher currents for the same cavity surface
fields. Testing of this tube has just started.

At SLAC, permanent magnet tubes are now being
developed. In these designs, about 40 magnet rings
with alternating polarities are interleaved with iron
pole pieces to generate a periodic (i.e., sine-like) axial
field along the = 0.5 meter region between the gun
anode and beam collector. The resulting focusing
strength is proportional to the RMS of this axial field.
About 2 kG can be achieved practically, which is
smaller than the = 5 kG field in the solenoid-focused
tubes. This has led to a lower perveance (0.8 x 10~ 6)
design where the space charge defocusing is smaller.
To handle the increased voltage drop along the output
cavity, it was lengthened to five cells. The lower
perveance has the advantage of increasing efficiency
through improved bunching, but it makes the modulator
harder to build due to the higher voltage hold-off
(490 kV). The efficiency goa for these Periodic



Permanent Magnet (PPM) klystrons is at least 60%
when generating 75 MW, 1.5 ps long pulses at 120 Hz.

Thus far, SLAC has built a 50 MW PPM klystron
using samarium cobalt magnets. This tube has pro-
duced 2 us long pulses with a 55% efficiency at the
design power. A 75 MW PPM tube has also been built
but has had operational problems that are thought to
arise in part from using magnets that do not fully meet
specifications. A switch to NbFeB magnets was made
for machining and cost reasons, but they proved harder
to manufacture within the desired magnetic tolerances.
The present program is to improve the operation of this
tube and concurrently to build a new version that is
more suited for mass production. It should be com-
pleted by the end of 1999. At KEK, a 75 MW PPM
tube that was designed and built by BINP was tested
with limited success. Work there has recently focused
on more accurate klystron modeling using the MAGIC
code. These studies have resulted in a better under-
standing of existing tubes and will be used as the basis
for designing the first PPM tube at KEK.

4 RF DISTRIBUTION

The function of the rf distribution system is to
transport the klystron output power to the accelerator
structures. This task is made more difficult by the fact
that the klystrons optimally generate a lower power
and longer pulse than that needed for the structures. In
past linac designs and in the NLCTA, the solution was
to use pulse compression, hamely the SLED Il system
which is a delay line version of the SLAC Linac
Energy Doubler (SLED) [1]. It consists of a 3 dB hybrid
divider that routes the klystron output power equally to
two delay lines made of circular waveguide. These
lines are shorted at the far end and have irises a the
near end that partially reflect the rf. During operation
in the NLCTA, for example, the two 40 m long lines
are resonantly filled during the first 5/6th of the 1.5 s
long Kklystron pulse, and then effectively discharged
through the remaining hybrid port by a 180° reversal of
the klystron phase during the last 1/6t of the pulse.
This yields a shorter (1/6t" as long), higher power
pulse that is used to power two NLCTA accelerator
structures. Although it works well, it is not particularly
efficient; about 30% of the power goes to the structures
during the filling of the delay lines, so the power gain
is about four.

Although there are more efficient pulse compression
methods, the scheme now being pursued sums the
power from four pairs of klystrons, ‘slices’ it into four
equal time intervals, and then distributes it up-beam to
four sets of accelerator structures that are appropriately
spaced so that the beam-to-rf arrival time is the same
in each case. Hence no power is wasted although there
are still resistive wall losses.

In the original version of this Delay Line Distribution
System (DLDS), which was proposed by KEK, the
power is summed with 3 dB hybrid combiners and
distributed up-beam through individual circular wave-
guides to each set of structures [2,9]. The power routing
is accomplished by varying the relative rf phases of the
four sources. In the circular waveguides, the power is
transported in the low-loss TEp; mode asis done in the
SLED Il delay lines. To reduce the length of
waveguide, a multimode version of this system has
been proposed at SLAC in which the power is
distributed through a single circular waveguide, but in
four different modes [10]. In this case the power from
the four klystron pairs is sent to a ‘launcher’ that
generates the modes based on the relative rf phases of
the four inputs. During operation, the phases are varied
to excite the four modes sequentially in equal time
intervals. The circular waveguide modes are TEg;,
TEqoH, TE1py and TEy; where the H and V subscripts
refer to horizontal and vertical polarizations. Three of
modes travel up-beam and are extracted at appropriate
locations to arrive 100 ns (the structure filling time)
before the beam. Each ‘extractor’ couples out only one
mode and passes the remaining modes. The fourth
mode (TE»q) is extracted at the launcher. KEK is
considering a similar scheme but with the power
distributed in two circular waveguides where two
modes (TEg;, TEjpq) are launched and extracted in
each waveguide.

For the rf transport between the klystrons and
launcher, and between the extractors and the struc-
tures, the TEg; circular waveguide mode is used. The
extracted power in each case feeds three contiguous
accelerator structures. To power a contiguous array of
structure triplets, nine DLDSs (a nonet) are interleaved
to form a 225 m long sector. The sector length is set by
the 1.5 ps klystron pulse length and the relative beam-
to-rf group velocity (about 2c). Twenty-two sectors are
required to produce a 500 GeV beam.

An important requirement of this distribution system
is its power handling capability. With eight 75 MW
klystrons, 600 MW of rf power will be launched,
extracted and ‘taped-off’ in thirds to feed 200 MW to
each structure. Based on operational experience, the
goal is to keep the surface fields in all transport
components below about 40 MeV/m [11]. Recently,
two planar-style 3 dB hybrids and several rectangular
(TE1g) to circular (TEp;) mode converters were
successfully tested to 420 MW with 150 ns long
pulses. To test components at their design power level
and beyond, the NLCTA is being upgraded to produce
800 MW, 240 ns long pulses.

Concepts for the launcher, extractors and bends are
in hand and development programs have begun at
SLAC and KEK. In addition to reducing the surface
fields, the designs aim for a power reduction of < 1%
in each component due to mismatches and resistive



wall losses. Overal, a klystron-to-structure transfer
efficiency of about 85% is expected where only a
small portion of the power loss occurs in the long
circular waveguides. This assumes no mode conversion
in these sections. A joint experiment is under way to
verify that such conversion losses are small, especially
from rotation of the polarized modes.

5 ACCELERATOR STRUCTURES

SLAC and KEK have enjoyed an active collabora-
tion in X-Band accelerator structure development for
more than five years. This has led to a common
structure design that uses an electrical scheme
developed at SLAC and assembly techniques pio-
neered at KEK. The electrical design addresses both
the requirement of efficient beam acceleration and the
need to suppress the long-range transverse wakefield
generated when a beam travels off-axis through the
structure. Unless the wakefield is reduced by about two
orders of magnitude, the coupling of the bunches in a
multibunch train will resonantly amplify any betatron
motion of the train by a significant amount. This
difficult goal has been met by using a combination of
two methods.

The first to be developed was mode detuning
whereby the frequencies of the lowest (and strongest)
band of dipole modes are systematically varied along
the 206 cell structure to produce a Gaussian distribu-
tion in the product of the mode density and the mode
coupling strength to the beam [12]. With this detuning,
the modes excited by an off-axis bunch add decon-
structively, yielding an approximately Gaussian falloff
in the net wakefield generated after each bunch. A
sigma of 2.5% was chosen for the 206-mode frequency
distribution to produce more than a hundred-fold wake-
field suppression by 1.4 ns, the nominal bunch spacing
in the early linear collider designs.

This detuning works well to suppress the wakefield
for about the first 30 ns, after which its amplitude
increases due to a partial recoherence of the mode
excitations. This has led to the introduction of weak
mode damping to offset this rise [13]. The damping is
achieved through the addition of four single-moded
waveguides (manifolds) that run paralel to the
structure and couple to the cells through slots. For each
dipole mode, the power flow to the manifolds occurs in
that region of the structure where the cell-to-cell phase
variation of the mode matches that of the manifold
mode. When terminated into matched loads, the
manifolds reduce the mode Q's from about 6000 to
1000, enough to keep the wakefield from significantly
increasing again.

To date, three of these Damped Detuned Structures
(DDS) have been constructed. The cells for the most
recent version were manufactured at LLNL using
diamond-point turning. The mating surfaces of the cells

were machined flat to < 05 pym and smooth to
< 50 nm. The cells were then assembled in Japan using
a two-step diffusion bonding technique. In the first
step, the cells were stacked on an inclined V-block
and pressed by 600 kg of force for 48 hoursin a 180 °C
environment. This procedure partially bonded the sur-
faces which prevented cell-to-cell slippage when the
stack was placed upright to be fully bonded. For this
step, the stack was placed under 24 kg of force at
890 °C for 4 hours.

The straightness of the resulting structure varied with
scale, increasing from a few um cell-to-cell to a few
hundred um over its 1.8 m length. However, the long
wavelength (> 0.5 m) offsets were reduced by counter
bowing the soft copper structure. A straightness of
+/- 20 um was achieved, yielding an overall alignment
that meets the requirements of the linear collider
design. In this design, the long wavelength alignment
of the structures will be set and maintained by the
support system. The structures will be attached to
girdersin sets of three with a single rf feed per girder
that is ‘tapped-off’ to each structure. Each girder will
have remote adjustment capability and will be
positioned to best center the beam in the three
structures based on the information obtained from
processing the dipole mode signals from the structure
manifolds. Thus, only the internal alignment of the
structures along the girders will have to be established
with precision (about +/- 20 um) and be kept stable.
Studies of long-term stability have been done with
mock structures on a prototype girder. They show that
the desired level of alignment is maintainable in an
operating-like environment.

In the most recent DDS prototype, the rf match
through the output ports of the manifolds was improved
and the dipole frequency profile was changed slightly
to increase the wakefield suppression. To gauge the
effect of these changes, the long-range wakefield of
the structure was measured in the Accelerator
Structure Setup (ASSET) facility in the SLAC Linac
[14]. Here a positron beam was used to induce a
wakefield in the structure and an electron beam was
used to ‘witness it. The measurements show larger
than expected values for the wakefield, particularly at
short times (< 20 ns). This increase is thought to be the
result of systematic errors in the cell dimensions. Errors
of roughly the size required to explain these data were
observed in a sample of cells measured for QC
purposes prior to assembling the structure.

Centering tests were also done in ASSET in which
the dipole signals were used as a guide to position the
positron beam. Measurements of the resulting short-
range wakefield (< 300 ps) indicated that the beam
had been centered to < 20 um in the structure which is
roughly the requirement during linear collider opera-
tion. However, monopole-like components of the



transverse wakefield were also observed and need to
be understood.

The next structure that will be built will have
rounded shaped cavities instead of the cylindrical
shape used so far. This increases the shunt impedance
of the structure by 12% which yields a 6% increase in
the rf-to-beam efficiency. This rounded-DDS or RDDS
will have an average iris radius equal to 18% of the
X-Band wavelength. This value was derived from a
joint SLAC and KEK study to optimize the linac
performance. The main design difficulty thus far has
been in damping the modes in the few cells at the
downstream end of the structure that cannot be coupled
to the manifolds due to space limitations. Several
solutions are being considered including adding
individual absorbers in these cells. Otherwise, the
electrical design is nearly complete; SLAC and KEK
will jointly build and test an RDDS by the end of 1999.

The suppression of the long-range wakefield is not
the only difficult structure performance requirement.
The structures must also operate reliably at a high
gradient, about 70 MeV/m. Three structures have been
rf conditioned to this level, the most recent one up to
85 MeV/m after 440 hours of operation [15]. It is a
1.3 m long, diamond-turned structure built at KEK to
study detuning. During its conditioning, the rf power
was slowly increased until a breakdown occurred in
which > 5 MW of power was reflected back toward the
source. The rf was then shut off for 2-4 minutes to
allow the structure to pump down, and then it was
slowly ramped up again. This procedure was continu-
ally repeated under computer control during most of
the conditioning period.

At the highest gradient, the dark current emitted
from the downstream end of the structure was about
5 mA and the mean time between breakdowns was
less than a minute. Reducing the power to yield a
70 MeV/m gradient reduced the dark current to about
0.5 mA and increased the periods between breakdowns
to several hours. Even at the highest gradient, however,
the loading due to the dark current should not have
been significant.

Another dark current related concern is the excita-
tion of transverse fields. To the extent that such fields
are the result of excitations of the lowest band of
dipole modes, an estimate of their size was made by
measuring the dipole signals from a manifold of a DDS
during rf conditioning to 70 MeV/m. No significant
signals were observed (except during breakdown)
which puts a limit on the transverse field amplitude
that is within the tolerance required in the linear
collider design. The latest DDS prototype will be
conditioned in the near future as part of a more
systematic program to understand high gradient limits
in the structures.

6 SUMMARY

The four major components of an rf system for an
X-Band linear collider - the modulators, klystrons, rf
distribution system and accelerator structures - are
being actively developed at SLAC and KEK. Once
their designs are more mature, an integrated rf system
with eight klystrons will be built that will serve as a
model element of a full-scale linac.
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Abstract 2 LUMINOSITY - FIGURE OF MERIT

Design studies of a future TeVeeLinear Collider The luminosity of an’ée linear collider is given by:
(TLC) are presently being made by five major laborato- |, N2 f N H o NenAS, RFp
ries within the framework of a world-wide collaborationl. = — _b* —F - blib* —=-20D b/7RFTTb "AC (1)
A figure of merit is defined which enables an objective #70x0y  4meU;o4oy 4reUsoyoy

comparison of these different designs. This figure Gfherep UACRF and TIRFD are the AC power, the AC-to-

merit is shown to depend only on a small number %F andAEF—to—beam efficiencies.. P. andN. are the
parameters. General scaling laws for the main be L b

m .
parameters and linac parameters are derived and provaé’?é‘m energy, beam power and number of particles per

be very effective when used as guidelines to optimiZ&Nch, o, and &, are the rm.s. beam sizes at the
the linear collider design. By adopting appropriate pdnteraction Point (I.P.) after being pinched by the beam-
rameters for beam stability, the figure of merit becoméseam interaction, anid, is the corresponding luminosity
nearly independent of accelerating gradient and RF frenhancement factor. Each particle is decelerated by the
quency of the accelerating structures. In spite of thg§eam-beam interaction losing on average an endrgy
strong dependence of the wakefields with frequency, thgd emittingn, y-rays. At c.m. energies < 2 TeV the
single bunch emittance preservation during acceleratigfyrameters are chosen such thatoes not exceed a few
along the linac is also shown to be independent of the BE. this is the so-called low beamstrahlung (LB) regime.
frequency when using equivalent trajectory correctiopt higher energies, to get adequate luminosity, the
schemes. In this Situation, beam acceleration USing hi%rameters are chosen in the h|gh beamstrah|ung (HB)
frequency structures becomes very favourable becauseeiéime [3]. In the HB regime, where= 3.55,, choosing
enables high accelerating fields to be obtained, whigh . 2 ensures a reasonable compromise between the
reduces the overall length and consequently the total c@siction of total luminosity contributed by particles with
of the linac. energies within 1-2 % of the maximum, and the number
1 INTRODUCTION of € pairs which appear as background in the detector.
In both regimes thereforey, is an essential design
Srameter. The assumption of flat beams>f ) to

A lot of progress has been made in the last ten ye

on 'des'lgn and develppment gtud|es towards . higfihance the luminosity and to decreasdeads to the
luminosity TeV-range Linear Colliders (TLC). Var'ousfollowing expressions in the LB and HB regimes:
options for efficient beam acceleration have been U. N2 0 U3 «2/3
explored and periodically compared within the 5g f ™ and Sg =— o oz~ Np )
framework of a world-wide collaboration [1]. Two basic Oz Gy 35 u¥3523
technologies have been developed for beam acc_elerati%@:mg (1), (2), and assuming in the LB regime a vertical
TESLA proposes to use 1.3 GHz super-conducting (S ?eta function at the I.P. equal to the bunch length to
structures whereas SBLC, JLCc, JLQX' NLC’VI‘_EPP anl%inimise the “hourglass” effect, the luminosity scales as:
CLIC have chosen normal-conducting travelling-wave —_;,, AC. RE 3/2 AC_RF

(NCTW) structures operating at the very different .. 28 HDy7RFb Pac o\ 98 "HoyTRF76™ Pac 3)

frequencies of 3, 5.6, 11.4, 14 and 30 GHz, respectively. Ufs:&’z Uﬁlzﬂ;llzayzg%lz

General scaling laws have been derived [2] for multiy poth cases, the luminosity only depends on a small
bunch TLCs which use NCTW structures, taking intqumber of parameters. For objective comparisons, a

account the basic physics processes which have b?@ﬂjre of meritM. is defined as normalised tcP, . 5.,
used to optimise the different designs. For completenes ACt B

the graphs also include data points for both TESLA a du, N(;glecti?g the .\llar'.a“oI?Z M.D (smallbfor a flaj[
VLEPP in spite of their respective SC and single buncfEa™) and o7 (similar in all designs)M becomes:

operation. The motivation for the scaling study is two-é/I U e g uy2 £F @
fold. First, by comparing the parameters adopted by the' == —_1755 * x5 ANOM=L—op— o5
y paring P P y og “Pac  ¢ny %ZPAC z Gy

various design studies which cover a decade in operating

frequency, the study provides an insight into the way thde TLC design optimisation consists of selecting beam

different optimisations have been achieved. Secondly,Rgrameters, and choosing a technology that is able to

provides a logical strategy based on objective, physicgccelerate, at a reasonable cost, a high power beam with

based arguments for designing or re-optimising any nedt optimum AC-power to beam-power conversion

or presently-proposed linear collider. efficiency (Sections 3 and 4) while preserving a very
small vertical normalised beam emittance (Section 5).
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3 RF POWER TO BEAM EFFICIENCY 4 THE NORMALIZED BEAM CURRENT

The RF-to-beam conversion efficiency is directly To optimise the design of a linear collider, the beam
related to the choice of the RF frequency and the beand linac parameters are therefore chosen to maximise
parameters. In order to obtain a high RF-to-bearthe J parameter while preserving the initial vertical
transfer efficiency, all TLC designs (except VLEPPhormalised beam emittance. All four parameters in the
have chosen to operate with a large number of bunchespression ford, (eq. 6) are directly related to the RF
In the extreme case of an infinite number of bunches, tfirequency,», of the accelerating structures. This is why
formulation of the RF to beam efficiency becomeshe different TLC designs are mostly frequency driven.
extremely simple [2] with a dependency on only two e The well known scaling with frequency Bf, when
parameters: the field attenuation constant of thking into account the iris to wave-length ratidi, is

structuresy, and the normalised beam curreht, well verified in the TLC designs (Fig.2):
nRF _ 219(r)J . (5) R'=r'Quw a)llz(a/l)_l (10)
14912 e :-E:mo 172
2 g(T) g R’ (a/h) =« @
-g /’r/'(m’:
1} 4 FY o
where 3=Rab _Rib 6 = 10 e S Q-
Gao ~ Ga i /\%
gnd RY I, q, 4, G, G, are respectively the shunt T 5 Qo o?
impedance per meter, the beam current, the charge |aé .| 7 o
bunch, the interval between bunches, the unloaded aE = 109 100
loaded accelerating gradient. For a givknthere is a g . o P i& o [*riaamba)
valuer ptWhich maximises the RF to beam efficiency: =« R @ ] oy o |"a
0| - 4] = s> O | a R'{aflambda)
S T R @) o RF frequency (GHz)
opt = Rqp - J(1-9) 4 y

Figure 2: Accelerating structure parameters.

Using accelerating structurgs with an optimum field , The minimum distance between bunches is limited
attenuationg,,, following equation (7), and for the morepy the transverse wakefield level that can be obtained at
usual range of beam parameteeh<J <2, where the ihe second and subsequent bunches by damping and/or
beam loading paramet@ris limited to 50% (Fig. 1), the detuning. For a given type of structure the number of RF
scaling ofnRFb andr,, is approximated by: periods needed for the same relative wakefield reduction

R 1/2 is constant. This is reflected in Fig. 3 which shows that
nEF oc(J)ll2 =[ﬁ] and Topth—gllo (8) in spite of the different structure designs, the distance

asb between bunches adopted in the various TLC designs
Here,« is the approximate proportionality implied by scales with the RF wavelength:

the straight line fit in Fig. 1 over the range of parameters Ar o) (11)
considered. The figure of merit then becomes: b
mE 12 12 The J parameter then becomes:
' R P
Mot ol 3| | _R%b ) 3= o 320 1) a5Ny (12)
*1/2 * * G.A GaAb
Eny €ny &nyalp . .
100 The charge per bunch is therefore made as high as
nfF o U172 possible to maximis@. Its maximum value is limited by
beam stability considerations as developed in section 5.
3 1000 * « 500 GeV
e TESLA n1TeY
§ n
@ yp 100
9\3/ E‘ Aot o
o 2 1 -
Lo £ SBLT
Qn NLC
Ju
1 ‘ ! e aCLIC
0.1 1 10 1 v 10
Normalized beam current, J (-)
- . - .. RF . 0.1
Figure 1. Optimum RF to beam efficienay,,, field RF frequency (GHz)

attenuationz, and beam loading parametsr, Figure 3: Time interval between bunches.
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5 BEAM EMITTANCE PRESERVATION 11| T |
Very small vertical normalised beam emittances of
few 10° rad-m are expected from state-of-the-art damg
ing rings presently under development. During acceler:
tion along the several-kilometer-long linacs however, th

beams suffer a transverse blow-yp,, which is espe-
cially important in the vertical plane because of thi'g (a) o 115

particularly small initial emittance. One of the primary LG
causes of emittance blow-up comes from the transver * CLIC
i i isali . JLCx
W:_;\ke fields induced by the mlsallgnment of thg apcele\ FEALA 50 '\ VLEPP
ating structures and by the beam trajectory deviations. BLC
0.1

5.1 BNS damping RF frequency (GHz)
Figure 4: Iris to wavelength ratio.

()

The single-bunch beam stability is greatly improved . . .
by so-called BNS damping [4] using a correlated energy-4 FOcusing optics of the linacs

spread which is introduced along the bunch such that: |y order to limit the BNS momentum spread needed
(BYLcELL) for beam stability (eq. 13), the focusing strength along
Ap/p=8 N AL A 13 . '

P/ P=3ens o= No(Wr) u (13) the linac is usually increased with the operating
where <> is the mean betatron amplitude of thefrequency as shown in Fig. 5. This is possible at higher
focusing optics along the linac, aWd is the short range frequencies because of the reduction in size of the linac
transverse wakefield averaged over the bunch with semponents. Assuming the inneramheter, D, of the
r.m.s. lengthg,, and scaling as: guadrupoles is scaled inversely with frequency in the

<Wr>ocW}o—Z ocw“(a//i)’”zo—z (14) same way as the inner radius of the. ||% of the RF
structures, then for the same magnetic field on the poles,

Under BNS damping conditions when taking into h h q 4 th
account equation (14), the vertical blow-up induced b?' the same phase advance per c&fl,and the same

the transverse wake-fields [5] shows a stronguadrupole filling factorF, the FODOcell length,l .,
dependence (to the eighth power) on the frequency: scales as follows:

2 2 7 8~-1 2
(Agny)RF oc NbO'Z (a//I) TONCN </5'0>L5<AYR,:> (15) Lcell o S = (Bo) = Locell OC(a/ﬂv)1/2w—1/2
but the other parameters in equation (15) also scale cell
strongly with the frequency as shown hereafter. 5.5 Pre-Alignment tolerances of the RF structures
5.2 Bunch length Since the size of the accelerating structures becomes

smaller with increasing frequency, the accuracy with
The bunch lengthg,, is made as small as possible inyhich they can be made and pre-aligned is expected to
order to decrease the average transverse wakefield in Hgroximately scale with the inverse of the frequency.
bunch according to equation (14). However, th@s seen in Fig. 6, the variation of the pre-alignment
minimum acceptable bunch length is determined by thelerances of the RF structures in all TLC designs is well
need to compensate, towards the end of the linac, thgproximated by the following scaling law with

energy spread associated with the longitudinal wakerequency, which indeed is very close to expectation:
fields, by positioning the bunch off the crest of the <AyRF>ocaf3’4 (19)

accelerating RF wave. Thus:

NpWL
a

where W, is the short range longitudinal wakefield and < B > o (/)12 o712

Drr is the off-crest RF phase which is limited to small E SBLC

values for the sake of beam acceleration efficiency. A 1D

< NLC

v

100

x o ,mSIN@RE) =0, < NGz Ha/ 1) 2w (16)

o

5.3 Ratio of iris radius to RF wavelength oS

As shown in Fig. 4 for the different TLC designs, the
ratio of iris radius to RF wavelength/i, increases with
increasing frequency in order to minimise the effect of 1

: : _ 1
the transverse wakefields (equation 14): (am_m @li2

10

alaxwll® (17) Figure 5: Focusing optics at injection into the linac.

15



1000 100
« TESLA 3/6 Gaz,fa :?[%\?ev
A £
=] Q
5 100 g .
£ ILCe £ Cc
e sBLC NLC b 10 e
3 VLEPP o ¢
§ o B~ CLic 2 LCx
B e a CLIC
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Figure 6: Pre-alignment tolerances of RF structures. i
Figure 7: Charge per bunch.
5.6 Accelerating section length 1000
+500 GeV
The length of the accelerating sectidn, is adjusted 'TTESLA_ VLEPPa 1TV
to obtain an optimum field attenuation parametgf, to ,SB'C
maximise the RF-to-beam efficiency (equation 7) JLCe
2Qvyt 2Qv = 6, o 23 (a/h) 16 G -1/
Lg= 97Ot 9 (20) § 100}~ ? .LC
@ ®I(1-5) i JLCx oLic
Neglecting the variation of the beam loading
paramete$ , for small § values, and introducing the
scaling forJ (eq. 6) as well as of the quality factQr
and the group velocitwg, the optimum length of the 10
; . . o 1 10 100
accelerating sections, in the fextreme case of an infini 023 (a/)-116 G_113
number of bunches, becomes: _ a
L oca)_3(a/ﬂ)4GaN61 21) Figure 8: Bunch length.
10
GeV
5.7 Charge per bunch SBLC a1tV

. - . . . o B e 1
Finally, it is possible to derive the scaling of the Ly 0™ @110 6,13

maximum charge per bunch. This is the charge whic NS
produces a tolerable and frequency-independent be:g | TESLA JL%\
" s VLEPP

blow-up during acceleration. It is deduced by™, 110 100

L . . _ 1000
substituting the relations for the scaling of all the CLIC s

different parameters (eq. 16, 17, 18, 19 and 21) in eqg. 1

(Agny)RF =Const =

0.1
Np o 0 3@/ A )¥0G213% « o ¢/5G2/3 (22) o3 (an)-116 g 173

After substitution of eq. 22 foN,, in eq. 13, 16, and 21, Figure 9: Length of the accelerating structures.

_ 1000
o , L, ands ;g become:
o 00 23(al V0 GRY3 o 236, Y3 (23) ;:“ y
20v i 100 1S
T
Lg= TxTgvopt af4/3(a//1)11/66§/3 oc a)flG;IS (24) § Sgng = 023 (@) 18 G 173 -AE;(
@ = /&LC
Sens * 023l 2) VOGY3 « ?/3GY® (25) ‘%, 0—— .
o i TESLA
As shown in Figs 7, 8, 9 and 10, the charge per bunc* . o
the bunch length, the length of the accelerating structu i " TeV
and the theoretical momentum spread for BNS dampir 1 10 100
adopted in the TLC designs compare favourably with th @23 (an)-16 G 173

above scaling laws. Figure 10: Momentum spread for BNS damping.

16



The strong dependence on frequency of the verticderived for both the linac and beam parameters for an
blow-up induced by transverse wakefields is thereforiafinite number of bunches, stable beam operation and
cancelled by an appropriate choice of the otheaninimum energy spread at the linac end. Under these
parameters and reduced to an acceptable level in all ttenditions, the main beam parameters are fully
TLC designs, independently of the RF frequency: determined. Using them, and choosing an optimum field

g;ymgny:gnyoJrAgny with  Ae,, =Const  (26) attenuation for the RF structures in order to obtain an

i o ) optimum RF-to-beam efficiency, it is found that:
There is also a contribution [5] tAg coming from the The RF-to-beam efficiency is a weak function of the

beam position monitor (BPM) misalignments. The same frequency and accelerating gradieqEq.28)
condition (26) on the emittance growth produces foI |n gspite of the large increase of the wake-field

Aygpy the generally expected dependence with amplitude with frequencythe wakefield effect and
(Section 5.5), the corresponding beam emittance blow-up are
<AprM>OCCO_1/4Gé/6<AyR|:>OCCO_]'G%/G (27) independent of the RF frequencyEq. 26), for

equivalent beam trajectory correction techniques.

In the low-beamstrahlung regimegenerally adopted
for intermediate-energy TLC designs (0.5 to 2 TeV),
the luminosity slightly increases with RF frequency
and slightly decreases with accelerating gradient

5&/ 277 élg 01/30651/ 6

Finally, by introducing the frequency laws obtained_
up to this point, the normalised beam current and the
RF-to-beam efficiency become roughly independent of
the RF frequency and accelerating gradient,

nRF o 3112 ocw—l/l2(a/ﬂ)7/l2Ggl/6 < /3016 (28)

Pac
12
6 SENSITIVITY TO GROUND MOTION Ut 3he aepy lengo)

The slow ground motion, modelled by the standarei In the high-beamstrahlung regimeusually adopted
ATL law [6], causes all linac components to move with ~ for high-energy TLC designs (3 to 5 TeVthe
time. If uncorrected, the resulting trajectory variation luminosity increases with RF frequency but is
will lead to emittance dilution [7]. The dominant effect ~ independent of accelerating gradient

comes from the quadrupoles with a contribution 55/2 ﬂél(:: o3
AgnQUAD o« ATN§e||6éNS (29) Lo U 1/2 ﬂ*1/2 1/2 /12 PAC
. . . . f y gnyo +A{;‘ny/6‘nyo
whereN,,, is the number of focusing cells in the linac,

which is proportional toL_, and G, Thus, using the Finally, the use of high frequencies in accelerating

above scaling laws, the time interval required betweetiructures for main linacs of future TeV'e Linear
corrections to limit the emittance growth is Colliders is particularly appropriate, since they allow
7/3 operation with high accelerating gradients, which
Ga' “eny {AgnyJ
ATL

T 30) Minimise the overall length and therefore the cost of
QUAD * 5, (30) . . ,

Ao the linacs. Provided that the beam and linac parameters
) . , ) are chosen to fulfil beam stability criteria and optimum
The equivalent time interval related to cavity drift ShOW$ = 11 heam transfer efficiency, high frequency designs
a similar dependence:G;'%»>'3. Finally, the high benefiting from high accelerating gradients result,
frequency vibration of the focusing magnets induces \ehen compared to lower frequency designs with lower
pulse-to-pulse trajectory variation which cannot be cogradient and similar beam quality, with the same or
rected with beam-based feedbacks. In local beam-sigetter RF efficiency and figure of merit.
units, this induced beam jitter is [5]:

2 o
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where Yousp is the focusing magnet movement. As
consequence, the vibration tolerance scales as:
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AN INDUCTION LINAC FOR THE SECOND PHASE OF DARHT

H. L. Rutkowski
Lawrence Berkeley National Laboratory
One Cyclotron Road, Berkeley, CA 94720, USA

Abstract The injector is a dispenser cathode diode driven by a

The Dual Axis Radiographic Hydrodynamics Tesiong pulse Marx generator at 3.2 MV peak flat voltage.
facility (DARHT) is under construction at Los Alamos The injector beam pulse enters a first cell block of 8 large
National Laboratory. The facility will contain two bore induction cells that accelerate it to 4.6 MeV energy.
electron accelerators arranged perpendicu|ar to eaEhe rest of the accelerator consists of 10 cell blocks of 8
other. The second accelerator is a long pulse inductiéglls each that accelerate the beam to the full 20 MeV
linac using Metglas core technology and will provide €nergy. The exit current is 4kA maximum fops2
beam pulse at 20MeV with flat top current of 4KA. TheBetween each cell block, an intercell provides a pumping
focal spot should be less than 1.2mm in diametepoint and a station for inserting diagnostics. The entire
Generation of beam breakup (BBU) and corkscrewystem is 175 ft. long, from the injector to accelerator
motion at the focal spot must be minimal. Very flat bear@xit. The induction cells use Metglas as the ferromagnetic
energy, excellent alignment of transport magnets, and |owaterial. The first cell block has a 14" diameter beam
values for TM mode impedances in the acceleratgtipe while the bulk of the cells have a 10" beam pipe.
cavities are needed. The accelerator will consist of Ehis is to reduce generation of BBU in the front end.
diode injector using a dispenser cathode, providinghe system is presently in the design stage with
3.2MeV energy together with a linac with 88 acceleratioprototyping work supporting the design. The injector
cells. Marx generators will provide pulsed power for botllesign is fairly detailed and two options exist for the
injector and linac. The pulse will be transported to gesign of the accelerator cells. A concept of the
kicker (designed by Lawrence Livermore NationaRccelerator sitting inside the building is shown in Fig. 1.
Laboratory) which selects four 60ns pulses for transpofthe downstream transport and chopper are also shown.
to the final focus and the conversion target. The status bhe pulsed power units are in an adjacent hall not shown.
the design of the accelerator system will be present
along with results from prototype tests. Effect o
operational requirements on the design of the accelera
will also be discussed.

1 INTRODUCTION

The accelerator for the second axis of the DARH’
facility is a long pulse induction linear accelerator tha
provides an electron beam that will be used to produce
series of fast high energy X-ray pulses. The fast electr
beam pulses, nominally 60 ns in duration, will be choppe
out of a 2us single pulse and will be transported to a se¢
of X-ray conversion targets. The X-rays will be used t
image dense metal objects driven by high explosives. Fig. 1 Accelerator in Second Axis Building
Initially four short pulses are required from the machine
though the system could be upgraded to use the remaining
part of the long pulse to provide additional views or more 2 INJECTOR
time resolution. Lawrgn_qe Livermore  National The injector is shown in Fig. 2 together with its first
Laboratory has the responsibility for the system from th§| ck of 8 cells. The first block of 8 cells is included
point where the beam exits the accelerator up to the firﬁlelore because ;[he physics design of these cells is

focus on the X-ray conversion target or targets. Thl%&imately connected with the injector design.

subject of this paper is the injector, accelerator and pulse The injector itself is a simple diode designed for rapid

Eg\\:vvreernEgséeerrrllseIetgal;[laz:)enatl)eL:gorgﬁj:snEd and built l23?(:celt.aration of the .eI.e(:.trons gmitted by the cathode to 3.2
' MeV in order to minimize emittance growth at the start.
The emittance required at the final focus at the X-ray
converter target is 150& mm-mrad normalized. This
emittance limit is derived from the 1.2mm focal spot
desired at the converter. This spot size is in turn required
by the spatial resolution desired in the radiographs. The

* This work was supported by the U.S. Department of
Energy under Contract No. DE-ACO3-76SF00098.
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required maximum flat current is 4 kA for 2fs. gap is 30cm. As can be seen in Fig. 2, the main current
However, the current must also be adjustable to allow féeed from the Marx makes a right angle bend. The
operation of the accelerator down to 1 KA tovertical part of the feed is 1.5m behind the cathode face.
accommodate various commissioning and operation&his current feed geometry results in a dipole error field
modes. There are a few options for achieving this such @&3-5 gauss in the diode gap. A quadrupole error field
changing cathodes and reducing voltage. The powalso exists. Correcting coils for these fields are being
supply for the diode is a Marx generator being designetesigned. The sextupole field which could increase
by Pulse Sciences Inc. The Marx must provide matchednittance was shown to be negligible in calculation as
voltage pulses of up to 3.5 MV to the combination diodwere all higher order fields. A gate valve isolates the
and ballast resistor load with a flatness+00.5%. The diode from the accelerator.

dielectric for the high voltage system is oil and it is being
designed to survive a variety of failure modes. The
maximum rep rate is 5 shots per minute. The insulato
column itself is made of glued Mycalex sections with
resistive grading and MOV’s for damage protection. The
injector is still being designed with fabrication to begin in
October 1998.

Fig. 3 Diode and First Cells

The rise time of the injector is required to be less than
400 ns and the design point is 200 ns. The fall time is
planned to be 100 ns with use of a laser triggered
crowbar. The off energy particles produced in the rise
and fall must be dumped in a non-destructive way.
Conical scapers will be placed in the first 8 cells to
Fig. 2 Injector and First Cell Block remove these electrons. The design of the accelerator
cells will be discussed below in the next section.

A more detailed drawing of the diode itself is shown The insulator column in the injector is designed with a
in Fig. 3. The cathode is a type M dispenser cathode (§@Mbination of Mycalex insulator rings and high purity
diameter) which can deliver up to 20 Afim a space @aluminum oxide rings. The rings will be glued (Hyso
charge limited mode. The operating temperature will b@359.3) with metal grading rings. The overall height is
1050°C with a uniformity oft1% across the face. The almost 13 ft. with grading rings and joints. The Mycalex

cathode shroud is partially water cooled near the sourfg9S were obtained from LANL where they were spares

and will be made of optically polished molybdenum,for the column of a decommissioned Van de Graaff

stainless steel, or coated stainless steel. Small scale t@gselerator. These rings are 47.5” outside diameter with
on breakdown in vacuum are being carried out on these Wall thickness. They offer very large cost savings over

materials and molybdenum appears to be the best choR4lding a ceramic brazed column of the same size or a
so far. However, full size shrouds using all thre€0lumn made of new Mycalex. Mycalex which is a mica-

materials will be tested in the injector. The peaLglass mixture seems to be mechanically tougher than

enhanced field stress on the cathode shroud is 162 kv/ciframic and to have very good breakdown resistance.
The shroud material must not only be good to this level df’® clear space inside the insulator column is 38
enhanced stress but it must also survive in case @meter after the grading resistors (liquid), metal oxide
breakdown. Comparison with other machines and the t¢&istors (MOV's) for damage protection, and shock
results so far indicate that the configuration can be ma@&@rd rings are in place. ~ Shock guard rings are
to work at this stress. The plate on which the cathod@corporated to shield the insulator material _from any
mounts is attached to a hexapod mounting system thatSRROCk waves generated by a breakdown in the oil
moved for alignment by six pressure activators. Ahelectnc._ Myc_alex is expected to be more survivable
bucking solenoid can be seen inside this mount in Fig. §1an alumina with respect to such shocks.

This solenoid serves to cancel the field at the cathode 1he original dielectric choice of high pressure 8fas
caused by the focusing solenoids located inside the anddigcarded for oil because of the fear of insulator
surface. The anode itself is stainless steel and the dideRiastrophic failure after the column aged and was subject
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to damage from electrical breakdown. The injector pulse 3 ACCELERATOR

generator is an 88 stage PFN Marx. It can be used to o

drive different beam currents by varying the resistance g€ accelerator must take the 3.2 MeV injector beam up
the liquid grading and ballast resistors. The entire higi® 20 MeV while not growing the emittance by more than
voltage system is being designed to 3.5 MV for safey000 T mm-mrad normalized. ~ The other major
factor. A laser triggered spark gap is included in théequirement is that the beam at exit cannot have
design to reduce unwanted beam in the pulse tail and tt@nsverse motion of its centroid greater thai0% of the

aid in shorting the pulse for lower pulse energpeam radius due to all sources. This means both
applications. The pulse can be shortened in six steps &3rkscrew and BBU motion. Corkscrew motion of the
shorting out PFN stages in the Marx. The design wilfeam centroid arises because of the misalignment of
accommodate diode impedances from 140 open solgnoids in the transport Iing and energy variationg
circuit (8752 nom). A high voltage dome is located at theluring the beam pulse. BBU arises if transverse magnetic
end of the Marx and contains a hydraulically driven motdTM) modes are excited in the accelerating cavities.
generator that provides 15KW power to the cathodginc€ these modes have axial E fields that change
dome, power supplies, and diagnostic/controls units f§rection across the beam axis they can extract beam
bring information out to the cathode dome. Voltag€N€rgy and put it into mode energy. The transverse B
flatness will bex 0.5%. The injector Marx and all the field of the mode creates a transverse kick in the beam. In
accelerator pulsers are required to hold charge for up @gder to reduce corkscrew motion the pulsers for the cells
one minute to accommodate firing site needs with n@USt generate voltage pulses that are flat @6%. After
more than one failure in 20 attempts. This is athe s_olen0|ds have been a_thgryed mechanically as well as
experimental diagnostic requirement. In the experimentBPSSible the corrector coils in each cell can be used
shot firing mode the accelerator system cannot fail mof@9ether with a “Tuning-V" algorithm [1] developed by

than one shot in 600 where failure is defined as detonatibgNL 0 reduce corkscrew motion to a minimum. The
the explosive without obtaining beam. voltage for each cell is nominally 193 kV for the small

In addition to the design activity there are severé?ore cells and 168 kV for each of the first 8 cells. The

testing activities underway. Materials for the cathodfrst block of 8 cells (injector cells) is designed with a 14"
shroud are being tested at small scale for field emissi®§am pipe while thf rest of the machine (generic cells) is
threshold, breakdown, and breakdown dependence @fsigned with a 10" beam pipe. This was done because
vacuum. So far, optically polished Mo has shown the be$ge Of a larger bore at low energy reduces the transverse
results with a field emission threshold of 300 kv/cm (204n0de impedance in an area particularly susceptible to
kV total voltage). Breakdown thresholds above 408BU growth. In a pillbox cavity design the transverse
kv/icm have been shown for both Mo and uncoateode impedance scales as [2] fulshere w is the gap
stainless steel. The breakdown threshold doesn’t seen?ffl b is the beam pipe radius. Another way to reduce
depend significantly on vacuum between®land 10° BBU generation besides increasing the pipe size is to
Torr. A scaled version of the injector gun is being set ucrease the solenoid field. ~ However, one cannot
on the Relativistic Two-beam accelerator (RTA) a@rbitrarily increase the transport solenoid field at low
LBNL. The RTA machine operates at 1MV total gur€nergy because it causes emittance growth. The original
voltage, 1.2 kA maximum current, and Of& pulse cell design for the entire accelerator is shown in Fig. 4a
length. This test with a 3.5” diameter dispenser cathodd® Original 10” cell was designed with a conical section
will test the beam optics and breakdown at full fieldycalex insulator. ~Originally the insulator was to be
stress, current density and in a space charge dominaf®gXelite because of the favorable experience LANL has
regime. This scaled gun will be used to test diagnosti&ad v_wth this materlal.. However tests at LBNL indicated
and to benchmark the EGUN, IVORY SLICE, andthat it does not survive breakdown from mmrosc_acond
GYMNOS codes that are being used for design to ensiFedle pulses well even though it works very well in the
that correct emittances are being calculated. A cathoffedime below 100ns. Therefore Mycalex was chosen
test stand and a Long Pulse Development Facility af¢cause of its mechanical toughness, good breakdown
being assembled at LANL to allow testing of full sizeP&havior, and good vacuum properties. A Rexolite
cathodes and to perform beam tests of accelerator céffsulator will however be tested in the prototype cell. A
respectively. Once the parts for the full injector are readg'SadV":“"Ttagfa of Mycalex is its high dielectric constant
the entire system will be assembled and tested as a unit@®) Which increases the transverse mode impedance of
an industrial location near LBNL prior to being sent tgN€ cavity compared to a Rexolite insulated version.
LANL for final commissioning. Calculations with AMOS for a cavity without Metglas
Use of a dispenser cathode in the diode dictates §ave Vvalues of 450Q/m for the dominant mode.
excellent vacuum system and clean SerVicine(leasurements have been done on a full scale cavity
environment. The system design calls for three 16” cyfgithout Metglas and with a cast epoxy insulator of the
pumps. The design baseline pressure in the tankig® ~Same dielectric constant as Mycalex. The result for a

t. There is sufficient pumping to reach this pressure gamped cavity was 33@/m for the dominant mode
less than 1 hour after roughing. (TM110). This measurement technique which uses loops

to drive modes selectively and probes inserted into the
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cavity on axis to displace field gives a measurement pfecise calculation of the final corkscrew motion requires
Z/Q through interpretation of the frequency shift of a final machine tune.

mode due to the probe [3]. This measurement becomes
more unreliable as the mode is increasingly damped.
Since one wants to damp these modes as much as possible
other methods must be used to get definitive results with
strong damping. This original cell design is a shielded
gap with peak field stress of 100 kV/cm on the negative
electrode and 40 kV/cm on the insulator surface.

o
| l‘

Fig. 4b Injector Cell

The transport solenoids in the generic cells are 12
layer fine wire solenoids 16" long impregnated with
epoxy. The 8 injector cell solenoids are only 6 layers
thick. The total power for running these solenoids plus
the 5” long coils in the eleven intercells is 1.5 MW steady

Fig. 4a Original Cell state if each solenoid is at maximum field (0.22T generic,
0.11T injector). The solenoids reside in cavities within the

The process of designing the special cells for the firsleam pipe and are DC, water cooled units. They float
block led to the design shown in Fig.4b. This design usegdectrically from the machine. PC board type corrector
a different insulator shape and created a space fesils are also placed between the solenoid and the pipe
diagnostics which were desired in the first cells becaus@ll. An initial tune has been calculated for these
of the importance of beam motion at the beginning of thgolenoids and the beam envelope at exit is 1 cm diameter.
machine. Another reason for the change was to creat@ased on the use of the two pipe sizes in the machine, a
mode frequency shift between the two types of cells. ThBBU amplification relative to a straight pipe has been
configuration will probably be used for the smaller borealculated. The values are 12.2 at 170 MHz, and 11.0 at
cells as well because of the opportunity to placg35 MHz. These numbers are based on a resonant seed at
diagnostics anywhere and because of some mechanig@ exit of the injector at the relevant frequency. The
design advantages. AMOS calculations give transverggnplification is the ratio between the displacement with
mode impedances of 1&/m at 170 MHz and 17@/m  cavity impedances present to displacement in the presence
at 450 MHz for this design with a Mycalex insulator and a&f continuous beam pipe with no cavities.

14" beam pipe. Applying the same configuration to the The intercells shown in Fig. 1 serve as pumping points
smaller bore cells gives 30Q/m at 200MHz and 310 with a turbo pump and a cryo pump at each intercell.
Q/m at 540 MHz. The mode frequencies are shifteBesign vacuum in the accelerator is®10The intercells

between the first block and the rest of the machine whigiso provide a place for intercepting diagnostics for beam
reduces BBU. profile and emittance measurement, B-dot loops for beam

Corkscrew motion is combatted by generating flagotion, and beam position monitors.
voltage pulses in the pulsers which are E type Marx An important part of the pulsed power design is the
PFN’s. The transport solenoid fields must also be welMletglas core material. Allied Signal 2605 SC is the
aligned to reduce corkscrew. LANL [4] experience irbaseline design material because of its ighof 2.8T
using the Stretched Wire Alignment Technique (SWATWith relatively low drive current. The magnetization
leads to the expectation of aligning the magnetic center ofirrent is relatively linear and the short pulse losses
each solenoid ta 0.1 mm and the tilt t& 0.3 mrad. A relatively low. 2605 SAL has been tested at LBNL in the
unannealed state and is just marginally acceptable. The
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drive current is very non-linear and th8 is about 2.4T. ACKNOWLEDGEMENT
Another candidate is Hitachi Finemet material if it can be .
obtained at an acceptable cost. The pulser used to driya€ author wishes to thank all the members of the LBNL-

both types of cells is an E-network Marx PFN. The pu|sé‘1)ARHT project team for their contributions especially D.
will feed to the cores at four points to eliminate~nderson, R. Briggs, E. Burgess, Y-J Chen, S. Eylon, W.
production of quadrapole fields near the beam. THeawley, J. Focklgr, E. Henestroza, T. Houck, T. Jackson,
voltage pulse must be flat #05%. The cell units will be C. Peters, L. Reginato, M. Vella, and S. Yu.

mounted on rails. Removal of a cell requires removal of

an intercell to create space for movement. The cells REFERENCES

themselves will be Capable of individual alignment usingl] Y-J Chen. Nuc. Inst. Meth. A398 p.139, 1997
a differential screw system developed at the LBNIEZ] G. J. Caporaso, A.G. Cole, Proc. 1990 Linear

Advanced Light Source. Each cell weighs about Accelerator Conf., September 10-14, 1990
Tonnes. The differential screw system allows accurate  Alpyquerque p.281, ’ ’

movement of such massive structures to 0.001 inch D. Birx, R. Briggs, T. Houck, L. Reginato, LBNL
manually. The cells will be vacuum sealed to each other gng. Note M7700 ’July 2 1998. '

with an inflatable bladder technique. [4] J. Melton, Private Communication
In addition to RF cavity tests mentioned above, twi LS. Waliing D.E. McMurray, D.V. Neuffer, HA

prototype cells are being constructed. The first uses thé Thiessen. Nuc. Inst. Meth.. A281 p. 433, 1989
original cell design and will be used to measure damped

transverse mode impedances and pulsed power tests of
breakdown and core compensation. It has SAl cores.
This time Metglas will be in the cell and termination
conditions at the outer radius will be realistic. The test
cavity had a simple short at the outside.  After the
coupled loop-probe measurements are performed for
comparison with the previous cavity measurements,
breakdown tests with Rexolite, Mycalex, and cast epoxy
will be performed and the core compensation will be
optimized. Finally two wire [5] impedance measurements
of the actual damped cell-cavity structure will be
performed. The second prototype is a large bore unit that
will have SC cores. It will be tested for pulsed power
properties and then sent to LANL for beam spill tests. In
1999, 8 small bore cells will be put on the Long Pulse
Development Facility at LANL to study beam effects in a
full cell block before design of the generic cells is frozen
for the large production phase.
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HIGH-POWER PROTON LINAC FOR APT;
STATUS OF DESIGN AND DEVELOPMENT

G. P. Lawrence
Los Alamos National Laboratory, Los Alamos, NM, 87545, USA

1 INTRODUCTION AND OVERVIEW RFQ, the entire linac operates at a frequency of 700 MHz,
with rf power supplied by 1-MW CW Kklystrons. After
In one of two options being considered for a newcceleration, a high-energy beam transport system
source of tritium, the US Department of Energy (DOE) i$HEBT) consisting of magnetic focusing and bending
planning an Accelerator Production of Tritium (APT)elements conveys the beam to the T/B assembly. The
plant [1] that would be built at its Savannah River Site iﬁrchitecture of the transport system dependg on the
South Carolina. The facility will employ a high powermachine energy, as indicated in Fig. 1. At the end of the
linear accelerator to produce neutrons by spallatigREBT, a raster beam expander transforms the beam into a
reactions of protons in tungsten and lead contained inr@tangular, uniform large-area distribution, providing an
target/blanket (T/B) assembly. The fast neutrongcceptable power density in the target.
produced in the target are moderated in the light water  The linac design is driven strongly by the large
that cools the blanket elements, and then capturédi®y amount of rf power required to accelerate the 100-mA
gas to produce tritium. The tritium is separated from thew peam. Efficient conversion is needed at each stage in
He by permeation through a palladium membrane, witfhe power train (from the ac grid to the beam) to
cryogenic distillation used for isotopic purification. minimize capital and operating costs. Other important
The APT design is based on a 1700-MeV protogesign factors and considerations are the need to keep
linac operated at 100 mA CW. However, changingeam losses at a very low level, avoiding generation of
tritum requirements may reduce the energy to 103§eam halo, tight control of the high-power beam (in terms
MeV, so the plant has been designed in a modulgf the coupled beam/cavity/rf-drive interaction), current-

2% Beamstop

Future

Application Target/Blanket
Tritium Separation Facility
R=27.2m
R=27.2m
} 253.1m |
1700.0 MeV R=27.2m — 1030.0 MeV 471.4 MeV 211.4 MeV
I I : 657.6m T 214.7m T 235.1m 1
45.0m 34.2m High-B SC Linac Medium- SC Linac NC Linac

Fia.1 Modular desin architecture for APT Plant.

configuration to provide construction flexibility. Figure lindependent operation and tuning, and high operational
shows the architecture of the modular plant. Heawgvailability. Parameter selection and cost/performance
shading and lines indicate the 1030-MeV configuratiormodeling to achieve these objectives have been discussed
light shading and dashed lines show the portions addedpreviously [4]; key parameters are listed in Table 1.
a 1700-MeV system.

The project Conceptual Design Report [2] wa®.1 Normal-Conducting Low-Energy Linac
|ssueq in April, 1997,. and formal design of the plant The low-energy NC linac accelerates a 100-mA
technical and conventional systems has now begun. (5?

f ) ina devel t and d rafi oton beam to 211.4 MeV in copper water-cooled struct-
program of engineering development and demonstralighyg o 75.kev injector using a microwave-driven ion

(TD%B) has bezjen gnderwa%/ sincte 1395 to support th5%urce produces a continuous 110-mA proton beam.
plant design and subsequent construction. From this input, a 350-MHz, 8-m-long RFQ (radio-
frequency quadrupole) produces a CW 100-mA beam at
2 ACCELERATOR DESIGN 6.7 MeV. This RFQ is built in four resonantly-coupled

The APT linac is designed as a two-stage machiri gTents,tr\]Nlth rrfl dlrg/e P“;V'def" .l:y thre'z L.2-Mw CWt
[3], wusing both normal-conducting (NC) and. )clis ronz trougt hint v;/;]n OWSt’ ! FirOVlt_ €s a tgurren
superconducting (SC) accelerating-cavity technologieg! ependent match into the next accelerating section.
Except for the first accelerating structure, a 350-MHz
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Normal-Conducting Linac Superconducting Linac
Parameter RFQ CCDTL CCL B=0.64-1 | B=0.64-2 B=0.82
Output energy (MeV) 6.7 96.6 211.4 242.0 471.4 1700 (1030
Struct. gradient g (MV/m) | 1.38 2.04-1.68 | 1.68-1.82| 4.3-4.5 4.3-5.0 5.25
Avg. gradient (MV/m) 1.38 0.77-1.12( 1.12-1.22 1.21-1.54 1.21-1.54 2.05
Peak surface field (MV/m) 14.1-17.7 14.1-17.7 13.1-17.5
Quadrupole lattice period 8-9BA 9BA 4.877 6.181 8.540
(m)
Section length (m) 8.0 112.8 110.4 29.3 185.4 657.6 (298)9)
Phase-adv./period (deg) - 79-44 44-35 79-46 79-46 79-82
No. of quadrupoles - 243 114 12 60 154 (70)
Quadrupole GeL prod. (T) 2.6-1.5 15-1 196-179 193-2012 2.25-4.39
Synchronous phase (deg) -90to-38 -90to130 -30 -30to -85 -30to 142 -30
Shunt impedance (&/m) - 16-49 24-35
Copper rf losses (MW) 1.26 5.0 6.8
Power to beam (MW) 0.67 8.99 11.48 3.06 26.00 122.86 (55/86)
Power per klystron (MW) 0.77 0.80-0.84 0.81-0.8% 512-560 765-840 798-840
Number of klystrons 3 17+6 24+5 6 30 154 (70)
Trans. emitt. (mm-mrad)* 0.16 0.17 0.17 0.16-0.19 0.16-0.19 0.19-0.17
Long. emitt. (MeV-deg)* 0.32 0.33 0.33 0.33-0.32 0.33-0.32 0.32-0.41
Aperture radius (mm) 2.3-3.4 10-17.4 17.4-319 65 65 80
Aperture/beamsize ratio - 6.5-10 10-27 28-31 28-31 32-76

* Normalized rms values, 700 MHz. Quantities in parentheses are for a 1030-MeV output energy.

The RFQ is followed byv2-mode coupled-cavity energy and is free from phase-space transitions after the
accelerating structures, each optimized for maximum rRFQ. Beam dynamics analyses and simulations show
to-beam efficiency over a specific velocity range [5]. Théhese factors to be important in terms of minimizing core
first set of structures, which accelerates the beam to 9@&#ittance growth [6] and the generation of beam halo [7].
MeV, is a 700-MHz CCDTL (coupled-cavity drift-tube As seen in Table 1, both transverse and longitudinal
linac) made up of 2-gap and 3-gap DTL cavities that ammittance growth are negligible. To obtain a current-
embedded in a FODO singlet focusing lattice. The latténdependent match between the NC linac and the SC linac
begins with an @A period and transitions to af (which has weaker focusing), the quadrupole strength is
period at 10 MeV to provide additional space foreduced gradually as the transition energy is approached.
guadrupoles and beam diagnostics. The quadrupoles are The CCDTL and CCL are sectioned into rf super-
external to the cavity structures, separating the focusimgodules, which are each powered by 4 to 7 klystrons.
and accelerating functions, and providing easy beaBach klystron distributes power to the accelerating struct-

6-cavity 6-gap
CCL segment

end of
module 6

2-cavity 4-gap quadrupole

CCDTL segment

start of 2-cavity
4-gap segments

2B\

S g 7
Z 3-gap cavity / \

end of module 2

start of
module 7

o 3pAL2

start of module 3

3BA/2

Fig. 2. CCDTL and CCL accelerating structure segments

alignment. Acceleration proceeds to 211.4 MeV in are through four coaxial ceramic windows that are tested
700-MHz side-coupled CCL that continues theB- to 1-MW power levels [8]. The maximum rf power input
focusing period. Fig. 2 displays representative segmerttsthe cavities that is required from any of the klystrons is
of the CCDTL and CCL. 0.84 MW, which allows for 10% control margin as well

The NC linac has a short focusing period thaas rf transmission line losses. There are six supermodules
elongates with beta, and the average accelerating gradienthe CCDTL, with 28-57 segments per module. The
is ramped up gradually from 0.77 to 1.2 MV/m. TheCCL is divided into five supermodules, with 21-54
result is a linac that has strong focusing at low beasegments per module.
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2.2 Superconducting High-Energy Linac looks structurally like one-half of the highunit. Both
. ) _ are powered by a single 1-MW klystron. Earlier doublet-
The SC high-energy linac consists of cryomodulegysice medium linac designs with 2-cavity cryomodules
containing two, three, or four 5-cell 700-MHz niobiumyyemnted a configuration in which a klystron powered
SC accelerating cavities. Focusing is provided by NG, ities in adjacent cryomodules. In beam simulations

gions between cryomodules;

the beam diagnostics. There are two kinds of SC cavify yhe |arge cavity-to-cavity phase/energy errors that were
shapes, each type designed for efficient acceleration ina.oquced.

different velocity range. The cavity shape in the medium- 1110 1 Jists key parameters of the SC linac. The

bet_a section (21,1'4 ’V'eY to 471.4 Me_V) is optimized f0gg|ction of cavity gradients and numbers of cells per cav-
B = 0.64, and in the high-beta section (471.4 MeV g \yere restricted by the need to keep peak surface fields
1700 MeV) forp = 082 Thg shapes are similar tolth%elow a safe level and by the power-coupler
well-established elliptical designs for electron machinegye ifications. The rf power distribution is governed by
but are compressed longitudinally in proportion t0 beétgne neeq to fully utilize the 840-kW power available from
Because the cavities are short and are drivelhcp 1 Mw Kiystron. The design specification for the
independently, each section of the SC linac has a broﬁ@erage cavity Qis taken as 5xf0 A 2.15 K operating
velocity bandwidth, which allows the gradient profile andgmperature for the niobium cavities has been selected to
output energy to be adjusted over a wide range. Becaydfimize the static and rf heat loads to the LHe
of the high beam current, the major design issue is NQfigerator and cryo-distribution system. Total cryoplant
attainment of high cavity gradients, but high power rfy,4s are estimated at 14.5 kW at 2.15K and 22.4 kW at

coupler capability. ~Performance specifications of 1445y tor 5 1700-MeV linac. These loads will be handled
kW and 210 kW have been chosen for the mediuamd |,y three identical LHe refrigerators that are about 50%

high3 couplers respectively, values that are at th%rger than those in service at CEBAF.
advancing edge of the demonstrated technology base.

Each cavity is supplied by two antenna-type coaxi .

couplers mounted on opposite sides of the beam tu?e‘.3 Beam Dynamics

Dual coaxial (warm) windows are planned, located so that ~ The key beam dynamics [9] goal is to achieve very

they do not see the beam directly. low losses (< 0.1 nA/m at 1700 MeV) in order to assure
Figure 3 depicts the cryomodule, rf, and focusingdnrestricted hands on maintenance for the linac. This is

lattice architecture for the different sections of the S@rovided by strong focusing at low energies and

linac. The highB section contains 77 (35) of the four-avoidance of phase-space mismatches, coupled with

cavity cryomodules shown in the right-hand sketch. Twapertures that are much larger than the rms beam size,

1-MW 700-MHz klystrons are used to power pairs oWith the largest aper-tures at high energies where the

1-MW klystron 1-MW klystrons
1/3 2/3 [3:064 Cavity 5-Ceé|a\ﬁt§/0.82
qléad%leole
7 /Ouets\ | 1 il 1] |
3 v v v / ""’"’"!‘ 1 11 vy {
i LAAAY i
N7 M7 UMM Iy V‘w AT ~QUUAAA W7 O =
618 m 8.54m

Fia. 3. MediumB and hoh-B cryomodule and rf architecture infrconductin linac.

adjacent cavities. The nominal energy gain per cavity &tivation threat is greatest. In the NC linac, the aperture
4.0 MeV. The mediunf SC linac is divided into two increases in steps to 64 mm, while in the SC linac it
sections, both containirfg)= 0.64 cryomodules. The first jumps to 130 mm at 211.4 MeV, and then to 160 mm at
section, starting at 211.4 MeV consists of six 2-cavit471.4 MeV. Figure 4 shows 100,000-particle beam
cromodules, and the second, starting at 242.0 MeV, casimulations for both an error-free machine design, and for
sists of thirty 3-cavity cryomodules. Nominal energyne with a set of randomly chosen imperfections, with
gain per cavity is 2.6 MeV. The first section provides anagnitudes about a factor of two worse than typical
transition between the short focusing period of the NE€rrors expected in operation. The simulations compare
linac and the longer focusing period of the SC linac, aritie linac aperture dimension with both the rms beam size
allows a current independent match to be obtained witind the radius of the outermost particle in the distribu-
minimal emittance growth. tion (the halo). At full energy, the aperture ratio (ratio of
The left-hand sketch in Fig. 3 shows the 3-caflity aperture to rms-beam-size) is close to 80, providing a
= 0.64 cryomodules; the 2-cavity unit is not shown, butery large clearance for the beam halo. At low energies,
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Fig. 4. Beam simulations for APT linac design showing rms beam size and radius of outermost particle,
compared with aperture. Left: No machine errors. Right: Standard set of machine errors.

the clearance is less generous, and some small losses iHaye the beam is directed either to a tuning beamstop that

occur. can take up to 2% of the full-energy beam power, or into
the beam line serving the T/B assembly. This beam line
2.4 Availability terminates in a raster beam expander, which converts the

) ) ) small-diameter Gaussian-like beam distribution into a
Bec.ause the SC Ilnac oper.a.tes Wlth short 'ndepepo\'rge-area rectangular (19 cm wide x 190 cm high)
dently-driven accelerating cavitighe linac output hiform gistribution at the target. The beam expander
energy may be adjusted over a wide range, providing,ngists of two sets of four sweep magnets driven with
considerable operational flexibility. Simulations Conf'rmtriangular waveforms by IGBT modulators at frequencies
that, because of this feature, the SC linac is insensitive o 10 500 Hz. One set is for the horizontal-plane
a broad range of construction or operating errors and als@een and the other for the vertical plane. Because the
can continue to function in a variety of off-normalgeen frequencies are slightly different, the raster system
conditions, such as having smglg klystrons, cavity pa'rﬁaints the T/B uniformly once per 30 ms. A multiply-
and quadrupole pairs out of service. In order to meet they,nqant modulator fault detector system protects the
high annual availability goal for the accelerator (> 85%)r/g from excess beam power density due to degradation

redundancy schemes are used to provide excess rf dif&nerryption of the sweep pattern. In the modular plant

in both the NC and SC linacs, but are implemented,nfiqration, the T/B is located near the end of the 1030-

differently in each. The NC linac is divided intopev linac, following a 10-period drift and a 90-degree
supermodules consisting of 100-150 coupled acceleratiggq - f the linac is built to 1700 MeV, the beam returns
cells, with each unit supplied by n klystrons (typically 4, s target line through a transport system consisting of
to 7), where only n-1 units are need-ed for operation, 150 gegree bend, a straight beam channel parallel to the
When an rf station fails, it is isolated by a waveguidg, .. and a reverse 90-degree bend. Beam dynamics
switch and the accelerating structure drive iris is shortegtudi'eS have shown that the insertion of these bends
Power from the remaining Klystrons is increased Qpich are first-order achromats, have essentially no effect
compensate for the lost unit, and the supermodulg, peam joss and on the beam performance on the target.

continues to provide the full energy gain needed in thaj,e, 4o, however, introduce some additional operational
section. In the SC linac, redundancy is achieved by Pr@amplexity.

viding a modest level of reserve power in each rf station,
above that needed to deliver the nominal output beam

power, allowing increased energy gain in adjacent cryo-4 ENGINEERING DEVELOPMENT AND

modules to compensate for failed units. The power DEMONSTRATION (ED&D)
reserve is 5% in the higB-section and 9% in the

medium section. The APT accelerator design is supported by a broad

ED&D program that will demonstrate and prototype key
components and systems. The program (Fig. 5) consists of
3 HIGH ENERGY BEAM TRANSPORT 1) a Low-Energy Demonstration Accelerator (LEDA) that

A High Energy Beam Transport (HEBT) system [9Wwill prototype the APT linac front end up to 20 MeV, 2)
delivers the beam from the end of the linac to the (T/BYjlevelopment of higiff and mediunp SC-cavity and
The HEBT focusing lattice continues the doublet-quadrigryomodule prototypes, and several smaller programs.
pole optics in the higlp- linac to a magnet switchyard. LEDA [10] will consist ultimately of a proton injector, a
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6.7-MeV 350-MHz RFQ, and a 20-MeV CCDTL sectiontron accelerators. For the APT SC linac, it is necessary to
Its purpose is to confirm beam performance parametedgvelop cryomodule prototypes containing the lofer-
demonstrate integrated operation at full CW power, asseswity shapes needed for a proton accelerator.
overall availability, and identify component failureDevelopment of these prototypes will confirm design
modes. The major stages involve 1) construction amérameters, component integration, and constructibility,
testing of a 75-keV, 110-mA proton injector; 2) additiorand will support transfer of the technology to industry for
of a 350-MHz RFQ to accelerate a 100-mA CW protomanufacture of plant cyromodules. The elements of the
beam to 6.7 MeV; and 3) addition of a 700-MHz CCDTISCRF program include: 1) fabrication and high-field
to accelerate the beam to 20 MeV. testing of single-cell cavities; 2) evaluation of radiation
The LEDA injector has been built and successfullglamage to a prototype cavity; 3) fabrication and testing of
tested at APT performance specifications (110 mA Hhigh-power rf couplers; 4) fabrication and testing of
<0.2 mm-mrad emittance). Construction and assembly pfulticell SC cavities; and 5) assembly and tests of
the RFQ is well advanced; the eight sections have beeomplete prototype cryomodules. The first and second of
fabricated, and initial rf tuning of the whole structure ishese activities have already been successfully
complete.  The injector was recently successfullgccomplished.
operated with a 1.25-MeV 267-MHz CW RFQ available Other elements of the ED&D program include: 1)
from another program. Beam output current andevelopment of a prototype 1-MW 700-MHz High-
transmission (100 mA, 85%) were as predicted, a stro@yder-Mode Inductive-Output tube, which would offer
validation of the codes used to design the APT RFQ. improved efficiency and reliability (lower operating
A prototype of the highest-energy CCDTL segmentsoltage) compared with a klystron, 2) construction and
(near 97 MeV) will be built and tested at full rf power taesting of a full scale raster beam expander prototype, 3)
demonstrate RF coupling, manufacturability, and thermakevelopment and testing of high-power rf components
performance of the section of the NC linac that is th@vindows, waveguide valve, etc.), and 4) development of
most difficult to cool. prototype diagnostics for measuring beam profiles at
medium and high energies.
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HEAVY ION FUSION EXPERIMENTS AT LBNL AND LLNL*

Larry Ahle (presented for the groups at LBNL and LLNL)
Lawrence Livermore National Laboratory, Livermore, CA 94551 USA

Abstract of 1-MV/m through most of the machine. The pulses on
these induction cores are tilted to longitudinally compress

The long-range goal of the US Heavy lon FuspltF)  the pulse from an initial length of ~30-m to ~10-m,

program is to develop heavgn accelerators capable of which corresponds to a pulser duration of about 100-ns at

igniting inertial fusion targets t@eneratefusion energy  the end of the accelerator. Following this is thedrift

for electrical power production. Accelerators for heavy ioompression, final focus, and target chamber section. The

fusion consist of several subsystems: ionsources, drift compression will do the final longitudinal

injectors, matching sections, combinersnduction compression to ~1-m in length. The final focus section

acceleration sectionsith electricandmagnetic focusing, will focus the beam to the target in theambemeducing
beam compression and bending sectiangl, afinal-focus  the radius of the beam to a few millimeters.

system to focus the beams onto the target. We are
currently assembling or performing experiments to address 2 SOURCE AND INJECTOR
the physics of all these subsystems. Thaper will

discuss some of these experiments. In developing sourceand injectors for adriver, high

current density islesiredbecause itallows smallerand/or
1 HEAVY ION FUSION DRIVER fewe( bgam_sa_md thus acheaperinjector._ The.Cl.Jrrent
density is limited by voltagéreakdown inthe injector

In a heavyion inertial power plant, particle beams are and transport limitations in the accelerator secéind not
focusedonto a target causing ignition.These targets by the emission limit of theourceitself. Currently the
consist of a hohlraum with a Beryllium (or other low Zdesign goa] of an injector for driver is many beam

ablator material) capsule inside. The capsule surroundgfgannels in one single vacuuchamberwith a current
frozen sphericalshell of D-T, which is heated and density of 8-mA/criCs equivalent.

compressed by X-raysreatedfrom the stopping of the
ions in the holhraum. Thecceleratorwill need to 2.1 Source Development
provide approximately 5-MJ of energy on a tiseale of
~ 10-ns for ignition[1] and at arate of ~5-Hz for a cost
effective powermplant [2]. Further, theange ofthe ion
beams should be roughly 0.1-gfewhich implies a total
kinetic energy per beam particle of a few GeV.

The target specifications abovae now based on
sophisticated simulation validation and are generally
demanding lower emittance beams than believazbssary
a few yearsago. Therealso appears to be #ade off
between beam curremindion kinetic energy. Higher
beam currentimplies a higher technicatisk but the

resulting lowerenergy may produce a cheaper powerqnization sources, contact ionizer and aluminosilicate. In

plant. a contact ionizer, alkali atormare continuouslyfed to a

Current conceptual designs for a heavy ion fusion drivg{gatedsurface,which ionizes the atoms. This type of
start with ~100 beam 2-MeV injectandESQ matching  gqrce routinely produces low emittance and highly

section providing a initial pulse of 238 with niform peams. It also has the potential for a long
approximately 1-A of current fogachbeam with radius |itetime source, but since alkali metal vapor deposits can
of several centimeters. Thisfsllowed by anaccelerator yateriorate the high voltage property ofaccelerator
section. Whetherthe initial part of theaccelerator is components, it is important to minimize thEesium
electrostatically focused, followed by beamerging, or qo, |n arecent experiment3], the C$ beamcurrent
magnetically focused is still beirgudied,but theend of o 5 2-cmdiametercontact ionizer wasneasured to be
the acceleratorwill be magnetic. Theacceleration is 5 15.ma/en? at 1145C. In addition. the rate of the
accomplished through magnetic induction cores atate .oqjym neutral current evaporation wasasured to be

1.7x1014cm?/s or equivalently 0.14 mg/cHhr. To test
these sources in a regplication, a Cscontact ionizer
will be installed in thescaledfinal focus experiment

There are manypossible types of ion sources fdiF,
generally producing singly charged ions but higttearge
states are also of interest in sodhever designs. Surface
ionization sourceprovidealkali metal ions, while a gas
source is suitable for generating Hg, Xe, ahad Neions,
and a metal vapor vacuum arc source (MEVVA) would be
more appropriate for ions such as &diBi. Most HIF
induction linac designs haveised surfaceionization
sources becaugheir performance already approaches the
HIF requirements.

LBNL has been working with two types alrface

* Work supported bythe US DOEunder contract No.
DE-AC03-76SF00098 (LBNL) and W-7405-ENG-48
(LLNL).
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described in section 4.2. This source will providiacior determine ifthe phenomenon iselated to non-uniform

of four increase in the current densiéigd amore uniform ion emission.

beam.

For aluminosilicate sources, a layer of aluminosilicate 3 THE ACCELERATOR

doped with an alkali metal, ismelted on atungsten

surface. This tungstensurface is then heated during 3.1 Beam Merging

operation. The neutral current for these sources should bel’rans - .
L N verse beantombining at the transitiorfrom

lower than for the contact ionizer [4], but its lifetime for 3 ectrostatic to magnetipuadrupoleransportcould lower

driver beforeion depletion is about one montfb].

Current densities ok15-mA/cn? of potassium, 7.9- the cos.t of a-mulnple bea_m induction lindgver. The
i . : cost of inductioncore materialand HV breakdown dictate
mA/cn? Cs equivalent, have beachievedwith a 2-cm

S . a small aperture in electrostatic quadrupoles, while
aluminosilicatesource[3]. For these sources tachieve maaneticauadrunoleransoort - veneffective at higher
uniform emissionand high current density, a smooth 9 d b P e 9

layer must be melted on a large spherical area, which h'ﬁ'Pﬁ”e“C energy, favors larger apertuesd fewerbeams).

S . e challenge for beam merging is limit resulting
proven to be a significant technical challenge. Recently, : S .
: o mittance growth (minimized by closely packing the
a different method tgroducethe aluminosilicate sources, .
. : ) S merged beams in phase space [8]).
in which a mixture of aluminosilicateand tungsten

o : The 4-to-1 beam combining experiment [9]designed
powder is sintered to form an emitter has been adopted [% establish the ability to megr]ge Eeams wiEhlsi de?able

2.2 2 MeV Injector space charggnd measure the phaspaceevolution of
the mergedbeams. The four initial Csbeams are
) - X . : generated in 160 kV diodemdinitially converge at a%
driver-scaleinjector shouldprovide beamsé with a line gngie relative to the combineenterline. Fourarrays of
chargedensity of approximately0.25x10> C/m. A glectrostatic quadrupoles (Q1-Q4) followed by  the
prototype injector, as shown in figure 1, was built for th@,mpined function dipole-quadrupole element (“wire
Ellse/IITSE propct. __It consists of a 17-culiameter cage”, QDS) focus each beaandstraighten itstrajectory
potassium aluminosilicate source as part oFE-KV 4 e parallel to the downstream transport linffter the

extractiondiodewhich is in series with a 1250 kV ESQ \yjre cage, the merged beam is transported and diagnosed at
accelerator. Both diode andeSQ are powered by a Marx: geyerajlocations along thenergedbeam transport line
Generatorusing a resistivedivider. The column is (Q6-Q67).

completely enclosed in a steel tank (at 80 B@hpressed  \we reported earliefL0] measuring 88% transmission

gas atmosphere) for compatibility with usingeSF through the combiner. These data indicated thabéaen
edge tobeamedgeseparation was <4 mm at timeerge
point, with the 1 mm tungsterds (of the wirecage) in

Based on ESQ beam transport consideratiorzsMaV

- D(I7(])Di§ —,—— ELECTROSTATIC QUADRUPOLES _—
o (178 co)

e o e ‘°°°;‘."\§% between. Theneasurecbhase space between @id Q8
4 = 1 I 1| i (one lattice period downstream othe cage) was in
& ]l e T H agreementvith the 2D PIC simulations. The initial
= BB *";%&@EQ- S beams (4.5-mA)had afactor 1.65 more current than
T T ) originally thought compatible with the transport of
WM@WW% mergedbeams in the (previously existinglownstream

transport lattice. As aonsequence dhe highercurrent
Source Exiraction electrode there was not enougtiearancebetweenthe merged beam
Figure 1: Schematic diagram of the 2-MeV injector. andelectrodes inthe matchingquadrupoles (Q6-Q11) to
enable further transport without significant beam loss.
Earlier testshavedemonstratetbeam current of up to  Recently, each initial beam current has blesvered to
0.8 A of potassium iongspace-charge-limitedyvith a 2.7-mA by altering thePierce electrodes. This has
€4ms Projectional emittance <1.0 temm-mrad [7]. improved beam matching through tbembined function
However, it was alsaliscoveredthat the beamcurrent elementandthe 10.4-mAmergedbeam through the first
density profile at theend of the injector has a hollow downstreamlattice period has several millimeters more
shape instead of the calculated uniform shapeorder to  clearance tdhe quadrupole electrodes. Bedoss in the
find out what causes the beam non-uniformity, a movablgansport lattice following the merge should also be
Faraday cup array was recently constructed to measure tegligible, allowing a more quantitative interpretation of
beam profile at locations (along beam axis) inside thée merged beam distribution function.
ESQ accelerator. Some preliminarydata indicates the  Figure 2 shows the phase space measured in the vertical
problem may occur at the extractidiode. Atpresent, a plane between Q7 and Q8. Though the beam distribution
new contact ionizer source of the same dimension is beifighction has notequilibrated atthis point, the rms
prepared taeplacethe aluminosilicatesource inorder to  emittanceg, = 0.2 Temm-mR, hasdecreased by actor
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~0.5 compared tothe previous measurements with theemittance for the 90% of full beamurrent was also

higher beam currentreported in [10]. Transport
measurements through Q6d@re currently underway.

measured athe sourceinjector, 0.021T=mm-mR, and
after 90 degreeq).045-mm-mR in xand0.068 T-mm-

These results will establish some limits emittance mR in y. The growth seen is within thdesign
growth through for this approach to beam merging. specifications.
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v () Figure 3: Current Recirculator Layout.
Figure 2: Contour plots from two-slit emittance scan of
the merged beams between Q7 and Q8. A network of C-probes (capacitivelgoupled beam

position monitors) before and throughout the bend section

3.2 The Recirculator has been enabled to measure the transverse jbasition

Most designs of a driver are linear machinast, using
a circular machinenay provide significant cost savings.
Such a machine, aircular ion inductionaccelerator for
space charge dominated beams, or recirculator, mewer
beenbuilt before. Thus, a group at LLNL h&seen
developing asmall recirculator inorder to validate the

as a function of time. All four signals from eaCkprobe
are amplified, digitized, and analyzed through the
computer control system to obtain tbkarge centroid.
Bench tests of the system using @nductingrod to
simulate the beam hawgelded aresolution of 70um.
Figure 4 shows the x positiomeasured byhe C-probes

recirculator concept for an IFE power plant driver. for various dipole voltages.
In designing this machine, all of the important

dimensionless beam parameters, suclpeseancewere

kept the same as a fudtaledriver machine. Each half

lattice period (HLP) of the recirculator consists of a

permanent magneticquadrupole for focusing, an

electrostatic dipole for bending the beam, and an inductiog

core, or modulator, foraccelerationand longitudinal &

compression. The dipole platare designed to provide a

9 degreebend tothe beam while the modulators are

designed to provide 500-eV of acceleration. 4
In the fall of 1997, the machine was extended from a 45 HLP

degree bend to a Qfegreebendsection. Figure 3 shows Figure 4: Time averaged X positions as measured by C-

the current layout of the machine. Initially, qid-beam probes for various dipole voltages.

pulse is injected by a sourd®dewith anenergy of 80-

keV through an aperture ofameterl-cm whichprovides LLNL has developed anew device to measure the

an initial beam current o2-mA. Upon injection the emittance, theGated Beam Imager (GBI).The GBI is

beam enters an electrostatic matching section which hased onthe pepperpot design in which the beam is

followed by a short magnetic transport sectimfore the incident on ahole with 100um diameterholes creating

90 degree bend section. Following the bend section is theany beamlets. Each beamletaiowed to drift to a

End Tank which houseseveraldiagnostics. As part of micro channel plate(MCP) which isoatedwith a thin

the upgrade, magnetic induction coresreadded to 5 of layer ofstainless steel, ~150 nm, to stop the ions and

the 10 HLP’s as shown. produce secondarglectrons.After passing through the
The first attempts at beam transport through the 9@CP, the electronsare proximity focused on to a

degreesectionwere donewith no accelerationand DC phosphor screerand the light generated is focused and

voltages (+/- 6.575-kV) on théending dipoleplates. captured on &£CD camera. Recently,afterthe analysis

Full current transport was achieved with less than 1% log$ the GBI images waschanged tomore closely mimic

as measured by Farad&@ups. The RMSnormalized the more traditional slit scan, the GBI was fully reconciled

with the slit scanner.

Dipole Voltage Scan - X position

—e— 6525 V|

O NPk OoOPRN®N
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Currently the initial implementation of thelectronics 1.3 x 107 cm® at pinch time) providesinput to the
necessary for acceleratiamd rampedlipole voltages, is determination of a plasma conductivity model to be
underway. The first attempts atceleratiorshouldoccur implemented in computer simulations.
shortly. For more information about thecirculator, Future experimentsclude the use of spectroscopy of
please refer to the paper in these proceedings [11]. the plasma's emitted radiationfmweasurehe Zeeman and
. . Stark broadening, aswell as the Faraday rotation
3.3 Induction Core Material technigue. These experiments will permit the mapping of

Currently one of the major cost items for a driver is théhe channel's magnetidield distribution and time
price of magnetic material for the induction Cores(_?VO'Ution as well as theetermination ofits electron

Recently, a survey of various commercialyailable temperature.

material wasdone [12]. Two type of mz;teriaISNere 4.2 Scaled Focusing Experiment
tested, amorphous alloys and nanocrystalline alloys. The
amorphous alloys cost leskave slightly higher flux Vacuum ballistic focusing is one method to achieve the
swing (about dactor of 1.2), but have a significantly heavy ion beam spot sizeecessary for an inertial
higher energy loss (about afactor of 5) than the confinement fusion target. Proper scaling drticle
nanocrystalline material. The important figure of merienergy, mass, beam current, beam emittance, and
for selection of material is the final cost of electricity.magnetic field replicateshe dynamics of afull driver
Obviously the nanocrystalline material will meatoaer beam in a small laboratory beam. Thus, a one-tscdte
operating cost, but a higher capital cost. Sysstmdies experimentbased orthe HIBALL Il design, iscurrently

to determinewhich of these two materialproduces a being assembled at LBNL. This scaled experiment uses a

lower cost of electricity are underway. K™ ion source to send a 120 keV beam through an aperture
and electrostatic matching section. Approximately@0
4 FINAL FOCUS of beam is then sent through a set of shagnetic

quadrupoleghat comprise the final focus. Bgxpanding

intensities of the beams, for achieving the final sgpe (e beamandthen focusing to a very small spot, the
necessary tdit the target. At low intensitiesjacuum  ffe€CtS Of aberrationandspace charge othis method of
ballistic focusing would suffice, but at high intensities 4@l focuscan be studied.Figure 5 shows théeam
schemeinvolving chargeneutralization or establishing a €nvelope for the final focus section.

focusing current in a plasma must be invoked. Currently Beam Envelopes
experiments are being performed investigating the osop—7F—""—"7F—+—F—"—"F—+——T
ballistic focus schemeand one of the more exotic .oz W8 INE
schemes, plasma channel transport [13]. 020

There are several proposechemesdepending on the

Horizontal
Envelope

4.1 Plasma Channel Transport

Vertical
Envelope

Plasma channel experiments, for heavy ion transportges
arebeing conducted at BNL to measuretheir time and °
space resolveglasma density evolution.These channel -oos
experiments are scaled versions that provigderstanding -oxo
of the channel's behaviounder differentregimes or -ois
parameter space, such as pressure, gas aggegischarge -oz0
energydeposition, whichdirectly relate to the transport -o=s
efficiency. A workingreactorion transportesign relies -oso BB I 44w 0w F
on proper selection of these parameters. Figure 5: Plot of beam envelopes for magnetic focusing

The plasma channel in these experimamtproduced section.
by a doublevoltage discharge techniquanitiated by the
creation of a preferential discharge path produced by a KrF Two-slit scanners measure beam propertiier the
excimer laser. Plasma dens'ﬁpaceprof”es havebeen electrostatic matching section, as well after the third
obtained at severaimes during the first quartercycle of —andsixth magneticquadrupoles. Measurements of the
channel current (peak current 29 kA). The measured pinegam havealready been made through the first three
occurring (7 Torr Iy, 200 mTorr Benzene, 15 kv mMmagnets with encouragingesults,andthe secondset of
discharge) at=2.2 microseconds is in agreemepﬂth three magnets has jUSt been installed, aligadeuIsed.
previous experiments. The beam spot size measuremesiit be madewith a

These measurements were made using a Miche|son-tﬁ§g|e slit probe that will translate along the beam axis as
optical interferometer (1064 nm) with a time resolution ofvell as in the transverse directions so asiétermine the
approximately 20 ns, determined by the probe laser pulgéecise nature of the beam waist.
width. The on-axis plasma density time evolutior fn

Beam Drifting Focal
from Electrostatic Point
ection

10 mr
Angle
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Subsequently, a@separatetarget injection experiment an up-down counter, the arrival time of the target has been
(section 4.3) may be coupled to the final focusider to  predicted such that thestandarddeviation in predicted
demonstratethe ability to hit asimulated heavy ion target position along the direction of motion is 0.37 mm.
fusion target “on the fly". This willrequire aset of These prediction capabilitiese adequatdor a heavy ion
steeringelectrodesthat have beerdesigned toprovide a driver.
real time correction to the beam to account fhe shot-
to-shot variation in target position. The emergieam 5 OUTLOOK

from _the magnetic sect_ion. will also be suitabl_e for The roadto a heavy ion IFE power plant is still a long
studying electron neutralization of space chadg® itS one Before amachine that achievefsision with heavy

effect on the focus. ion beams can be realized, a scaled facility to test many, if
4.3 Fusion Target Injecting and Tracking not aII' of the accelerator.issges in iat_e_grated waymust
_ _ _ be built. We plan on being in a position to propsseh
An experiment is beingconducted atLBNL to g facility in afew years. To be in that position, the
investigateand demonstratehe engineering feasibility of groups atLBNL and LLNL will continue conducting

accurately injecting and tracking IFE targets into a small experiments to explore issues in HIF.
vacuum chamber [14]. As indicated in figure 6, a gas gun

is used toinject non-cryogenic, aluminumand delrin 6 ACKNOWLEDGMENTS
(plastic) target-sizedprojectiles. These projectiles are
optically tracked atthree locations usingphotodiodes to
accurately provide real-time transveraed longitudinal
target position prediction. Thisreal-time information
would then beused totrigger the ion beanand control
small beam steering magnets to direct the beam on target. 7 REFERENCES
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LINEAR ACCELERATORS FOR EXOTIC ION BEAMS

Pierre Bricault
TRIUMF
4004 Wesbrook Mall, Vancouver, BC, V6T 2A3, Canada

Abstract The exotic species are produced using the ion beams

One of the new frontiers in nuclear science is the use iftracted from the INS SF cyclotron. The exotic ions are

exotic ion beams. In the past, nuclear reaction studié en_alccl:?ellzeratesdcg)':energsél Me_Vt/u dthr_t:ulg: ? SplltI-H
were restricted to the use of stable projectiles or a fefipaxia Q( Q) and an interdigital-H type (IH)

long-lived isotopes. The possibility of producing intensémacs' The project is regarded as a prototype of the more

exotic ion beams opens a wide variety of researcﬂmbitious RIB facility for the E-arena in the proposed

opportunities in nuclear astrophysics, nuclear physicg’apanes_e Hadron Facility —(JHF).  The  main
complishments were:

material sciences, etc. This field has grown considerabOB: T ff q i f i
in the past ten years owing to progress in the producti est ofi- and on-iine o tlarge lon-source systems,
ECR, plasma and surface ion sources;

techniques of isotopic separation on-line and in particular. .
9 b P P Off- and on-line beam tests of the ISOL system as

in the field of heavy-ion accelerators. One of th I h . f the b
breakthroughs is the possibility to accelerate very low \évfsten?f the construction of the beam-transport

energy heavy-ions using a low frequency RFQ at the fron . . .
end of a linear accelerator. 35 Cons_trucnon and operation of a 25.5 MHz split-
coaxial 4-rod RFQ;

This paper will review exotic ion beam facilities, C X q . ¢ 251 MHz IH I

based on the ISOL method, using or proposing a line P onstruc'gonf Zn l(()p.eratlon of a z ihac
accelerator as a post-accelerator. composed o tanks; : .

5) Construction and operation of the stripping and

1 INTRODUCTION matching section between the RFQ and the IH

LINACs.
The opportunities offered by beams of exotic nuclei fog) Pilot experiments with exotic beams.

research in the areas of nuclear physics, nucleosyntheé!_sL_1 Split-Coaxial RFQ LINAC

and nuclear astrophysics, and for critical tests o ] ] ) ) ) )
fundamental symmetries, are very exciting. Thd he split-coaxial RFQ is designed to accelerate ions with

worldwide activity in the installation of different types of charge-to-mass ratio (g/A) 1/30 from 2 to 172 keViu.
facilities for exotic nuclei reflects the strong scientific! "€ SPIit coaxial resonant cavity was invented by R. W.
interest in the corresponding physics. Muller[1] and development and investigation took place

The choice of the post accelerator depends on tifd Several institutes: GSI[2], Frankfur[3], and
physics program, which defines the energy and ma&¥9onne[4].

range, duty factor and pulse characteristics of the desired Various kinds of electrode structure have been
ions. This paper reviews only exotic ion beam faciliie®roposed: modulated vanes, circular rods, drift tubes with

using LINAC's as post-accelerators. One LINAC hadingers. At INS they selected modulated vanes. In order to
already being built for exotic beam applications, this i&chieve easy assembly of the vanes and a stable
the prototype of the JHF E-arena at INS-Tanashi, no\,(',r’1echan|cal structure, a multi-electrode cavity is
KEK-Tanashi. Two more LINAC's are under €mployed. Two opposite electrodes are fixed and
construction: one at ISOLDE-CERN and the other atlectrically grounded at one end of the cavity. The other
ISAC-TRIUMF. Proposals for second generation exoti@PPOsite electrodes are fixed and grounded at the other
ion beams facilities based on the 1ISOL method whicgnd of the cavity. That is, the electrodes are supported at
have selected a LINAC as post-accelerator are: JHF 20y one point. _

arena, Argonne National Laboratory, Oak Ridge Nationa] ~ 1"€ module length, 0.7 m, was determined so that
Laboratory, Munich and ISAC2 at TRIUMF. A proposedine drop of the vanes due to gravity may not exceed
upgrade of the accelerator of the BRNBF in Beijing wil3HM. with the cavity diameter not exceeding 1m. By

also be mentioned. introducing spacer rods, it was possible to align the vanes
with accuracy better than £ 40 um before installation into
2 EXISTING RIB LINAC FACILITIES the unit-cavity tank. o
The cavity, comprising 12 module cavities, is 0.9 m
2.1 E-arena Prototype at Tanashi in diameter and 8.6 m long. The measured resonant

A prototype radioactive ion beam facility has been built Jlesista_nce Is 25.55 # 0.4:_.QkThe measured gnloaded Q-
KEK-Tanashi. The main components are: target/io?{alue is 5800. The nominal vane voltage is 109 kV for

source, mass separator, RFQ and IH linear acceleratdf&® = 1/30 ions. This corresponds to an input power of
240 kW. The maximum duty factor is 30%.
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2.1.2 Medium Energy Beam Transport (MEBT) A N’ beam test with the ISAC split-ring 4-rod RFQ

The MEBT system between the SC-RFQ and the Ifjas been successfully completed in June 1998. 7 of the 19
LINAC comprises a charge stripper (Carbon foil of 10ings were installed for a final beam energy of 54 keV/u.
ug/cnd), a rebuncher and two quadrupole doublets. SincEh® RFQ was operated in continuous wave (cw) mode.
a frequency of 25.5 MHz is required for the rebuncher, @P€ration at the nominal peak voltage of 74 kV was
double-coaxial resonator with 6 gaps was developed aghieved in July 1998. This allowed the acceleration of

maintain the size of the cavity small and the power low. N (4/A = 1/28). The beam transmission was 80% at the

—— nominal voltage in perfect agreement with PARMTEQ
2-1.3 Interdigital-H type LINAC calculations. The energy spread of both bunched and

accelerates ions with charge-to-mass ratid/10 from  go0d agreement with PARMTEQ calculations.
172 to 1053 keV/ nucleon. In order to obtain high shu

. . : n2.2.2 Stripper and matching section
impedance, the accelerating mode 1sI, and no ) _
transverse focusing element is installed into the driff e charge-state selector is composed of a symmetric
tubes. The operating frequency is twice the RFGQDDQQ section. A four-quadrupole system and a 35
frequency. Each gap length between drift tubes is equal ¥z A/4 rebuncher provide transverse and longitudinal
one half of the first cell length. Both end structures of thg1atch into the DTL. Provision is also made for
cavity, i.e., the magnetic flux inducer and the gap§nstallat|on of a rebuncher between the RFQ and the
between end-wall and ridges are determineat“ppi”g foil to produce an.upright_ellipse for the
experimentally so that the longitudinal field distribution'ongitudinal emittance at the stripping foil.
becomes flat over the cavity. The synchronous phase is — Several options for the 35 MH74 rebuncher were
The tuning of the cavities is achieved using thre@.2.3 Drift-Tube Linac

kinds of tuners: a capacitive tuner (C-tuner), an inductiVene drift tube linac is required to accelerate, in cw mode,
end-tuner (End L-tuner) and an inductive piston tuner (Lipns with a charge to mass ratid/7 from 0.15 MeV/u to
tuner). The C-tuner is a manually movable disk facing g final energy variable between 0.15 and 1.5 MeV/u. An
ridge; The L-tuner is moved automatically to compensaigy structure[8] is chosen because of its very high shunt
for the frequency shift. o impedance. Aseparated functioDTL concept has been
The first acceleration of an exotic ion beam has beee[blopted[g]. Five independently phased IH tanks operating
carried out successfully on Mach"14997 at the INS 4t @_ = 0° provide the main acceleration. Longitudinal

prototype E-arena. focusing is provided by independently phased three-gap

2 2 ISAC-TRIUME split-ring resonator structures positioned before the
second, third and fourth IH tanks. When operating at full
2.2.1 RFQ voltage the beam dynamics resembles that of a so-called

A cw radio-frequency quadrupole provides the initiafCombined O Synchronous Particle Structure’[8]. To
acceleration of the ion beam delivered by the ISOL. Theeduce the final energy, the last IH tanks may be turned
total length of the vane-shaped rods is 7.60 m. Given thaff while voltage and phase of the last powered tank are
the radioactive ion beam intensity will be small, spac¥aried. The split-ring resonators are all designed3fer
charge can be neglected. A truncated Yamada-style recip®23 and are effective over the whole DTL velocity
was used for the vane profiles. Due to a requirement frorange. They also permit the beam to be kept well bunched
the experimenters for 86 ns time structure, beamver the entire energy range.

bunching is achieved in an external, quasi-sawtooth pre- The first ISAC-IH-DTL tank has been built and is
buncher. The shaper and gentle buncher portions of tigiting for copper plating. Cooling channels are
RFQ are omitted, leading to substantial shortening. THgachined in bulk copper material to assure efficient
pre-buncher is located in the LEBT section ~ 5 metegpoling.

from the RFQ. A 4-rod. spllt-rmg RFQ 'structure 'h'as bee 3 REX-ISOLDE

chosen because of its relatively high specific shun
impedance, its mechanical stability, and the absence BEX-ISOLDE is a first generation RIB project aimed at
voltage asymmetries in the end region[6]. It is a variatiofXploring the possibility of an efficient post acceleration
of the 4-rod RFQ built by Schempp[5]. The thermal an@f exotic ions based on LINAC after charge breeding with
dynamic stability have been measured and are well withftrap-EBIS system.

tolerance[7]. The final RFQ will be composed of 19  The LINAC complex is composed of a 4-rod RFQ,
modules, but in order to test the beam dynamics and tR8 IH-structure and three seven-gap spiral resonators. To
injection of a bunched beam into the RFQ a 7-ring-RF@atch the phase spread of the ion beam out of the RFQ to
section has being built installed in the 8 m long tank ariée longitudinal phase acceptance of the IH-structure a
tested first.
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three-gap split ring resonator is used. The maximum dutadrupole triplets. The three-gap split-ring rebuncher

cycle is 10% with a maximum repetition rate of 50 Hz. operates at the RFQ’s frequency with a gap-voltage of 50
To reduce the cost of the LINAC a charge-to-masisV.

ratio of 1/4.5 was chosen. Highly charged ions can 3.4 REX-IH LINAC

produced using an Electron Cyclotron Resonance Iofhe |H_structure is a short version of the GSI HLI-IH-

Source (ECRIS) or an Electron Beam lon Source (EBlsgtructure[lz]. The energy gain required is about 0.9

For a RIB facility it is essential to get high efficiencyyq/ which corresponds to 5 MV absolute voltage. The
c_harge state breeding from 1+ to n+ ions and In a Shql’-ti-structure uses the “Combined Zero Degree Structure”
time compared to the half-life of the nucleus conS|dered.beam dynamics concept developed by Ratzinger[8]. A
2.3.1 REX-ISOLDE charge breeding scheme new approach of the REX-IH resonator is the possibility
In the REX-ISOLDE scheme a Penning trap is used fdp vary the final energy between 1.1 and 1.2 MeV/u by
accumulation, cooling, and bunching[10]. The Penningdjusting the gap voltage distribution via two capacitive
trap is however limited in the number of particles whictplungers and by adjusting the RF-power level in the
can be trapped. The maximum ion density for the REXesonator[13].

Penning trap is estimated for A = 140 af Ins/mnf, 5 3 5 REX-7-Gap Resonators

which correspond to some ®Gons per accumulation

cycle The final energy of 2.2. MeV/u at the target is achieved

gy three 7-gap spiral resonators. These type of resonators

The Penning trap is located on a high voltag S .
latform an the same bpotential as the singlv charaed iGVEe developed and built first at the Max Plank Institute
P P ! gy g dh Heidelberg for the High-Current-Injector[14]. The

source at the ISOLDE target. The transfer line consists . .
sonators have a single resonance structure, which

two electrostatic benders and two electrostatic quadrupcfl‘é _
doublets. The confinement time required to reach consists of a copper half shell and three arms attached to

charge-to-mass ratio larger than 1/4.5 is less than 20 nR9th ends of the shell. The resonators are optimized for
The EBIS magnet has a magnetic field of 2 T with afynchronous particle velocities of 5.4%, 6.0% and 6.6%.
homogeneity of about 2.5%. along the confinement lengthn® total resonator voltage is about 2 MV for a power
of 0.8 m. The ions ejected from the EBIS are masgonsumption of 90 kW. The output of the IH structure is

analyzed with a magnetic achromat composed of tvio gfatched with a triplet lens to the first 7-gap resonator.
dipoles. Between the first and second 7-gap resonator there is a

2.3.2 The 4-rod RFQ doublet for transverse focusing.

The ions are accelerated from 5 to 300 keV/u by a 4-ro§ pROJECTS AND PLANNED UPGRADES
RFQ. This RFQ is similar to the one used for the High-

Current -Injector at Heidelberg[11] and the GSI HLI-3.1 Japanese Hadron Facility E-arena
RFQ[5]. The results from these two RFQ show that aboyte E.grena is a second-generation exotic ion beam
a quarter of the power is dissipated on the ground plate gf;jjity based on ISOL and post-accelerator scheme. It
the resonator. The new REX-RFQ will have additionahims at new regions in nuclear physics and related fields
coolln_g of the ground-plate, which must haye a bettess science by supplying high-quality intense RIB of
electrical contact to the stems along the entire structur@,.,ergies from nearly zero to 6.5 MeV/u for ion mass up
Furthermore, for the cooling of the electrodes a new stegg 240,
design has been made at Hiedelberg. The main The RIB facility will utilize 10 pA from the 3-GeV
characteristic of the new design is that channels fofon hooster synchrotron for the production of unstable
cooling water are now completely inside the stem. nuclei. A wide variety of intense exotic ion beams can be
Regarding the particle dynamics, they add to thgroduced via spallation, multi-fragmentation and/or
present design a so-called “maiching out section” at thigsion process of target nuclei. After selection the exotic
high-energy end of the RFQ. The focusing strength i§, peam can be accelerated through a heavy ion linac,
reduced stepwise at the last cells of the accelerator. TI&'énsisting of a split-coaxial RFQ (SCRFQ), and two IH
leads to decreased beam divergence at the exit of the REfBe linacs, IH1 and IH2. The maximum output energy at
and thus reduces the required field gradients of thg,.p stage being 0.17, 1.05 and 6.5 MeV/u, respectively,
following matching section between the RFQ and the Ik}ih 4 duty cycle of 30% for g/A equal to 1/30.
LINAC. The proposed E-arena is a natural extension of the
2 3.3 REX-MEBT RIB facility at the Institute for Nuclear Study (INS) of

. Tokyo. The new merits of the E-arena are:
The beam dynamics concept of tifes§nchronous phase .
y : P 9 us p 1) Primary accelerator: 3-GeV protons are known to

of the IH structure requires a small longitudinal phasgé produce exotic nuclei with large probability, while

spread and a converging beam in both transverse reaction residues produced with low-energy beams
directions at the entrance of the IH-LINAC. Thus, the ; P 9y
available from the K=68 cyclotron, are limited to

matching section includes a rebuncher and two . o
nuclei close to the stability line.
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2) The secondary beam energy: this would be increase®,4 |ISAC2 at TRIUMF

by adding a hew IH linac, from 1 to 625 MeV/u'The aim of ISAC-II is a final energy of 6.5 MeV/u for a
Nuclear reactions become therefore possible over trﬁ?ass range up to A = 150[21]. The energy increase can
whole region of target nuclides. be achieved by adding cavities at the end of the present
3.2 ANL Exotic-lon-Beams Facility LINAC. However, the mass limitation comes from the

Argonne National Laboratory proposes a two-accelerat?rlpplng at 0.15 MeV/u. The optimum stripping energy

o o L or mass 150 is 400 keV/u. To take these ions from 0.15
ISOL-.type faC|'I|ty o provide intense exotic ion beams 40 0.4 MeV/u requires a new LINAC, very similar to the
energies required for nuclear structure research and )~ nry 14 reach 6.5 MeV/u from 0.4 MeV/u with
reactions of astrophysics interest[15]. The heart of th /q = 7 requires a total voltage gain of 42.7 MV

exotic-ion-beam accelerator is the present ATLA . . -
superconducting LINAC[16] which can accelerate ion ndependently phased superconducting cavities similar to
%ue ones developed at ANL for ATLAS[16] or LNL for

from protons through Uranium to an energy range from ; . .
to 15 MeV/u. The ATLAS accelerator complex car LPI [22] will be used. The maximum energy of particles

presently accelerate ions of q#A1/6.6. The new front with g/A > 1/3 will be around 15 MeV/u.

. . A charge state breeder based on an ECRIS will be
end has to accelerate ions of low charge-to-mass zatio

e o laced upstream of the 35 MHz RFQ to increase the
1/132 to the energy necessary for efficient stripping tgharge to mass ratio to 1/30 or greater.

higher charge state, while maintaining excellent beam . . . ,
. - The plan is to build and install superconducting
quality to match the actual ATLAS beam characteristics. )
modules downstream of DTL1 as they become available.

Thg new fronF end accelerator can be dI.VIded % pis would allow higher energy-experiments (~ 5 MeV/u)
three distinct sections. A short RFQ1 operating at Iovtv0 start before the end of 2003
frequency will be installed on a high voltage platform. '

After gas stripping the ions of g/& 1/70 will be 3.5 LINAC for the Munich Fission Fragment
accelerated by a combination of a second RFQ and a A&celerator

MHz superconducting LINAC. After a second stripper,, . . . . .
which will increase the g/A to over 1/6.6, a 72 MHzA Linear accelerator is proposed for the new Munich high

superconducting LINAC module which match theﬂux reactor, FRMII. This LINAC is based on a charge

velocity profile to the present ATLAS LINAC will be state breeding of singly charged ions coming from the
installed ISOL system. The required charge-to-mass ratio from the

Work started on the room temperature cw RFQ aQSF’ 'Sf (ing;O'lg'tJ h:f LllNAC will ﬁlpgraéetwnh a3d7uty d
low frequency. lons with g/A& 1/132 call for a 12 MHz cycie 0 0 and the inal energy will be between 5.7 an

frequency range. The selected Split-Coaxial RF .9 MeV/u. The LINAC complex will be composed of an

structure is a modified version of the MAXILAX built at FQ, three IH structures similar to the Lead Ll.NAC at
GSI1]. CERN and two 7-gap IH-resonators for the variation of

The status of the RFQ development is the foIIowing“;he final energy[20].

a 2 m prototype section has been constructed a@d6 Beijing LINAC

operated cw at the design voltage (100 kV). They argne Beijing Radioactive Nuclear Beam Facility (BRNBF)
currently preparing a prebuncher and LEBT section fq§roposal consists of three accelerators, a compact
beam tests scheduled for end of August 1998[17]. cyclotron which would deliver 70 MeV proton for the
3.3 ORNL Facility production of radioactive nuclei, an existing Tandem (13

MV) and a superconducting LINAC which will boost the

ORI'\I.L operates the Hollifield Radioactive lon Beamfjpg) energy. The superconducting LINAC will use
Facility based on the ORIC cyclotron and on the 25 M\Niobium-sputtered Copper  quarter-wave-resonators,

tandem accelerator as a post-accelerator. A Secorlﬂfrrently developed at Peking University[19].
generation ISOL facility based on the utilization of the

driver of the SpaII.aFion Neutron Sourf:e (SNS) is 4 DISCUSSION AND CONCLUDING

proposed [18]. A decision on the construction of the SNS

is expected by late 1998. The scheme for the post- REMARKS

accelerator is not yet finalized; but a low frequency RF@ith the new exotic ion beam facilities based on the

would be utilized to accelerate low charge-to-mass rati®OL method it will be possible to have access to new

exotic ions> 1/140 to an energy suitable for stripping.extreme neutron-to-proton ratios to identify new

The second stage would used superconducting quartghenomena and improve our understanding of nuclei,

wave resonators similar to the ones developed #ueir origin and their properties.

Argonne[16]. These opportunities are possible because of the
Three take-off points are foreseen at 1, 6 and 1gevelopment of efficient accelerating structures for very

MeV/u, which will cover most of the nuclear physicslow velocity heavy-ions. All sorts of linear accelerating
studies. structures are used or proposed. Both room temperature
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M- COLLIDER: p'-w GENERATION, CAPTURE AND COOLING

David Neuffer
Fermilab, P. O. Box 500, Batavia IL 60510

Abstract requirements, a rapid acceleration system, and a high-
A “J'_“' collider requires a h|gh_|ntens|ty protonluminosny collider ring for the collision of Short, intense
source foreproduction, a high-acceptancey decay H-H bunches.
channel, gi-cooling system, a rapid acceleration system, In Table 1, nearly identical proton source parameters
and a high-luminosity collider ring for the collision ofare shown for each collider case. This is based on an
short, intenseu’™-y bunches. Critical problems exist inassumption that a single new high-intensity source is
developing and compressing high-energy proton bunchdeveloped and is used to drive different colliders. Also in
for producingrts, in capturingts and their decay's, and developing parameters for different energy colliders, we
in cooling W's into a compressed phase-space at whidive assumed that the cooling system can cool in 6-D
high luminosity collisions are possible. These problem@ormalized phase space to a fixed emittance, which can
and some possible solutions are discussed; the Cqurpentthen be distributed betweeen transverse and longitudinal

W collider research program is described for differing collider requirements. (Lower-energy
colliders require smaller longitudinal phase-space, and a
1 INTRODUCTION Higgs Collider should have very small energy spread.)
Considerable interest has developed in the possibiligreater variations in p-source and cooling scenarios are
ossible.

of a high-energy high-luminosity’-u collider [1,2,3,4], . . o
and a multi-laboratory collaboration has been formed to Thedcrltlcal prl(q)pelr.tfy (.)f mu?n_szmza c;)lhder IS Epr‘?.t the
study this concept [4]. Initially the concept of a 4 Te\Nuons decay, with a lifetime af = 2.2 (&/m,) ps. This

collider with a luminosity of L = 1fcm’s’ was is sufficient for multiturn acceleration and storage,_ but
developed [1]. Recently the research has concentrated y a few hur_1dred trns can b_e aIIott_ed to fhau

developing a design concept for a lower-energy fifst collection, cooling, and acceleration, which means that
collider at ~100GeV, and in developing the r]ev\ﬁbtaining high luminosity requires frequent production of
technologies needed fc;r that and gy collider [5]. igh-intensity p-b.unches ."’?”d compressing and cooling

Particle physics has identified some clear physic@e bunches to high densities.
goals fory’-y collider technology. Recent LEP and SLC

results imply that the Higgs mass is in the 100-170 GeV Table 1: Parameter lists fqr - Colliders

Higgs Factory Top Source

range. A smgll energy sprepdp’ CoI_Iider e_lt that eNergy parameter (Small-Larg@E) 4Tev
would be uniquely capable of precise Higgs studies [6Eoliision Energy B 100 400 4000 GeV
Also, v-oscillations have been recently reported. Thesgnergy per beam 50 200 2000 GeV
could be checked bw-beams that are produced throughE) - . ey
p-y collider methods of intensat production, p '('C’:;':‘SSISVZMTDZ) 1010 10 10%cn's
collecti_on and coolipg, with the-beams produced hy- o “Source Parameters (4 MW p-beam)
decay in a storage ring [7,8]. Proton energy(§ 16 16 30 GeV
The first u-u collider would be a low-energy Protons/pulse(y 4x2.5<10°  4x2.5x10°  4x3x10°
machine (possibly at 330 to 770 GeV), designed Pulse rate(j 15 15 15Hz
: idfeacceptance(p) 0.2 0.2 2
both to test the basic concepts as well as to provi _
Lo . . -survival (N/N,,..) 0.4 0.4 4
significant physics at the Higgs mass, and may be e Collider Parameters
somewhat lower intensity. This machine would beojiider mean radius(R) 50 150 1200m
particularly valuable if it could deliver high luminosity atp/bunch (\,) 4x10° 2x10* 2.5x10”
very small energy spreads, matched to the expected Higgsnber of bunchesp 1 2 2
width of 3E ~ 1.5 KeV. Later, higher-energy machines0age tums(an 1000 1500 1800
Id probe energy frontiers beyond that accessible g &mancel) 0:028-01 10 Sdocmrad
could p ay y eam emittance e y)  (5.6-2)x10°  5.3x10°  2.5x107
existing technology. cm-rad
Table 1 shows parameters of possillel colliders, Interaction focus, 13-4 1 0.3cm
including a ~100GeV Higgs factory, a 400 GeV and a R Beam siz&s =(B)" 270-90 23 2.um
TeV machine, and Fig. 1 shows a layout view of a 10@F/E at collisions 0.003-0.12 0.12 0.12%

GeVcollider facility. The collider requires a high-intensity ) ) ) )
proton source formeproduction, a high-intensityre In this paper we discuss the key technologies which

production target with a high-acceptancey decay are needed to develop these high intengity beams,
channel, ai-cooling system to cool the beams to CO”ide}dentify the critical difficulties, and describe the current
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and planned research program on these topics. We also A key limitation is transverse space charge and the
discuss the remaining unsolved problems and challengedesign goal is to keep the space-charge tune-&hift
Proton Source rpN/(4sn[3\fB) less than ~0.25-0.4 throughout the cycle,

50 GeV recirculator

where [ is the classical proton radius, N the number of
Collider \ protons, B the bunching factor(average/peak current), and
Cooling g, is the normalized rms emittance. This is minimized by
higher injection energies, and large emittances, and larger
/ B. g, is increased to ~ 33 mm-mrad (rms) by painting the
beam across the foil in multiturn injection. B is

Soom, conservatively set at 0.25 at injection into the prebooster,

Figure 1. Overview of a 100 Gel-y Collider facility ~ which is initially filled with 4 bunches (large B). The
showing  p-source, p-Cooling, recirculating-linac beam bunches as it accelerates, and is transferred to the
acceleration (RLA) and collider. larger ring at 3 GeV, alv(] 0.25 (small B but largey),
2 PROTON SOURCE \r/;igtionllinimal bunch lengths at the extraction bunch
The collider requires an intense source of protons for The beam transports of both rings consist of rapid-
ni pu production. Present studies indicate that a protdiycling separated-function magnets. The peak dipole
beam at energies of 16-30 GeV at a beam power of figld is set at 1.3 T in both lattices, and the transition
MW is optimal. This is an intensity comparable to thagnergy ¥m.’) is set above extraction so that the beams
proposed for a KAON factory [9] or a spallation neutrorre always below transition, which avoids instabilities due
source [10], but with the significant difference that théo “negative mass” and at transition crossing, and
beam is extracted in short bunches to set up rf rotation fiaintains a stable natural chromaticity. The hjgis
e., bunches of 2:80"p of ~1 ns). Strategies to reach thigbtained by use of a “flexible-momentum-compaction”
intensity are being developed [5], and considerabli@ttice, which gives a tuneablg [12]. The large
variation is possible, as long as the high beam power ineanittances imply large apertures (13cm for the 3 GeV
bunch structure suitable for development of intepse fing and 10cm for the 16 GeV ring). To minimize eddy
bunches is obtained. currents from rapid-cycling, a high-impedance beam pipe
Table 2 shows parameters of a possible proton drivétsing Inconel or ceramic with conducting wires/strips is
which consists of a 1 GeV linac, a 3 GeV prebooster arigeded.
a 16 GeV booster. The parameters are from a Fermilab- Griffin has developed an acceleration scenario with rf
based plan for a multipurpose proton source upgrade (ksystem designs for each ring [13]. The rf cavities are 1m
factoryfi-collider/Tevatron, etc.), which would replacelong units with ceramic accelerating gaps and metal-alloy
the existing Fermilab booster [11]. A new booster tunné@pe-wound cores, with outboard inductive tuners
would be required, and the linac would be either extendé@ntaining NiZn ferrite rings with bias current windings
from its current location or moved. for tuning from 6.6 to 7.4 MHz during the acceleration.
The 1 GeV Linac is based on the Fermilab 400MeWower amplifiers for cavity excitation and transient beam
linac, which consists of a 18 kV magnetron ion sourc@ading compensation are coupled directly to the
which feeds a 0.75 MV Cockroft-Walton column,accelerating gaps. 10 such cavities can generate up to 200
followed by a 100 MeV 201 MHz linac, and a 300 Me\KV in the prebooster, and 40 cavites can produce 1.5 MV
805 MHz side coupled linac. The upgrade requires i the booster. Bunches injected with ~100ns full-width in
magnetron source which can provide 100 mA of beam the prebooster are compressed to ~20ns after booster
250us pulses (~1210“ H ions). The additional 600 acceleration, and rotated to ~610% ¢ 1ns and®E = +200
MeV structure is an extension of the 805 MHz linacMeV) at booster extraction. An inductive insert to cancel
using 11% additional modules (131.3m). space charge is helpful in the final compression.
The H ions are multiturn injected through a foil Simulations of this acceleration and bunching have been
stripper into the 3 GeV prebooster (500 turns), where th@grformed [14].
are captured in 6.64 MHz buckets and accelerated as 4 Some critical experiments testing elements of the
bunches of 2510 protons to 3 GeV in 33ms. The fourproton source design have been performed. A set of
bunches are then transferred into matched buckets in fhguctive ferrite modules was placed in the LANL Proton
16 GeV booster for acceleration to full energy. At fulStorage Ring. Longitudinal space charge effects were
energy, the bunches are Compressed to minimal |engﬂﬁguced without generating instability, and the results
(o, ~ 0.3m) and extracted to tmeproduction target. The supported the use of inductive inserts to cancel space
16 GeV ring circumference is matched to that of theharge [15]. At the BNL AGS experiments in bunching
existing Fermilab booster for compatibility with existingthe beam near transition were performed, at parameters
Eermilab accelerators. similar to the post-acceleration bunching of the proton
source. The rms bunch length of the 3 MHz, 8 GeV
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bunches was reduced from 6.7 to 2.1 ns [16]. The resulke target should be ~2-3 interaction lengths of a high-
support the proposition that initially long proton bunchedensity, relatively high-Z material. Optimal proton energy
can be accelerated and compressed to ns lengths, awads in the 10-30 GeV range. A target radius of ~1cm

required for theu"-p collider.
3 TPRODUCTION AND p-COLLECTION

appears optimal, maximizing secondary production while
minimizing absorption. Tilting the target by
100-150mrad was found to minimize absorption of low-

The purpose of the production target and subsequeéditergyTs, which follow helical trajectories through the
transport is to produce the maximum number of muorfgagnetic region.teyield is maximal for longitudinal
which can be Subsequent|y accepted and cooled irﬁ&pmenta of the same order as the rms transverse momen-
collider bunches. From recent studies, maximal capturelign (~200 MeV/c). The magnetic field (20T, r=7.5cm) is
obtained by immersing the production target in a higl*de5|gn6d to Capture these momenta in helical orbits [21]

field solenoid, with sufficient aperture such that nust

About 400 kW of energy is deposited in the target

are trapped (a 20T solenoid with 7.5cm radius i8nd handling that is a serious problem. Cooling with a
proposed). This is followed by a solenoid transport whictermal bath would lead to largeabsorption and thermal

accepts most of the low energys (100-600 MeV/c) radiatc _ _
produced byredecay. (see Fig. 2) An rf system withinliquid jet targets are under consideration.

radiation is insufficient. Moving solid metal and flowing
Conducting

that decay transport reduces the energy spread by liguid jets may be distorted by the magnetic fields;
rotation”, in which the faster particles decelerate whilBowever, nonconducting jets are considered. A moving
slower ones accelerate. This transforms the short-bung@Ple or “band-saw" target is possible.

beam on target producing a large momentum spread in Following the target, the magnetic field is

W's to a longe-bunch with reducedp/p.

Table 2: Parameters of 16 GeV Proton Source

Parameter Linac PreBooster Booster
Final kinetic energy (& 1 3 16 GeV
Pulse rate(j 15 15 15Hz
Protons/pulse(aN,) 40000310 4x2510°  4x2.510°
Length/circumference +134 158 474 m
Emittance (95%, rms) 6 200 248mm-mrad
Dipole packing factor (1.3 T peak field) 0.39 0.575
Aperture 13 10 cm
Tunesy,v,) 3924 9.4,49
Transitiony (y,) 7 25

rf Parameters
rf frequency(f,) 201-.805 6.6-7.4 7.4-7.5MHz
rf harmonic - 4 12
rf voltage /turn 0.2 1.2 MV
rf length 10 40 m

=T

e T——

=

matching solenoids ~EE————"
superconducting solenoid |
! RF Linac
liquid metal target |
rotons decay solencids
| n | |
@ 2 4 6
meters
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adiabatically decreased and the beam size is increased,
following Br’= constant to B=5-1.25T (r=15-30cm). The
magnetically confined transport continues through a
sufficient length for=decay. This transport also contains
a multiharmonic ~30-150MHz rf system embedded in a
short-period solenoid transport. In studies rf rotation
section solutions with lengths of 40-80m containing a
total of 200-500 MV of rf cavities. In simulations ~0.35
W's (of one sign)/proton are captured from 16-30 GeV
protons within an acceptance window of a bunch length
of ~6m anddE ~+100 MeV. This is roughly half the
number of initially producedts [1,22,23]. Energy
selection in thgi-decay can be used to select a relatively
high polarization in th@-beams [24].

Significant problems exists in designing the rf +
focusing system, since it requires combining large low-
frequency, relatively high-gradient cavities with relatively
high-field superconducting solenoids. Several design
iterations have been considered; a recent one (see Fig. 2)
uses low-field 1.25T magnets completely outside the
cavities; a previous one uses 5T magnets placed in the
cavity irises.

An experiment is proposed at the AGS on targetry
related issues, which will test some of these systems [25].
It would include tests of liquid jet and other targets,
placed within magnets, and then with beam, measureing
production. An rf cavity with solenoid would be added to

Figure 2. Capture solenoid and match to transport f&¢St If rotation components.

T 1 decay + rf rotation (from ref. 5).

Extensive simulations or-production as a function

4 p-COOLING

After rf rotation the beam still has both a large

of proton energy, target material and geometry within fomentum spreadd/p O 10%) and transverse phase

capture geometry have been performed, using Mong
Carlo codes such as MARS [17] (and DPMJET [18] angn
ARC [19])and these codes have been verified b\)’ol
comparison with experiments, particularly the recent piol? 3]
production experiment 910 at BNL [20]. They show that "

?)ace €, 00.015 m-rad). The'-y collider concept relies
ionization cooling to compress the beam phase-space
ume to obtain high luminosity. In ionization cooling
the beam loses transverse and longitudinal



momentum while passing through a material medium, arektending their capabilities to include a complete
regains only longitudinal momentum in acceleratiomescription ofp-material interactions and beam optics.
cavities. Cooling by large factors requires successivithese tools will be used to develop and optimize
stages of energy loss and reacceleration (20 to 50 stagemnplete cooling systems.

[1]. Since ionization cooling does not directly cool the  An experimental collaboration called MUCOOL has
beam longitudinally, these stages must include weddeen formed in order to establish and demonstrate the
absorbers at non-zero dispersion to exchange longitudinethnologies needed for effective-cooling [32]. In

and (cooled) transverse phase-space. MUCOOL, a muon beam line will be built which would
The differential equation for rms transverse cooling isinclude equipment for precision measurement of muon
de 1 dE BDEg trajectories entering and leaving a cooling system test

ds BZE EST m channel. Beam cooling sections will be inserted into th.e
test channel, and measurement of muon beams entering
where the first term is the frictional cooling effect and thend leaving the channel will determine the degree of
second is the multiple scattering heating term. Minimalooling effectiveness. The cooling sections consist of
heating requires thdiy, the betatron focusing amplitude arrays of absorbers within focusing systems with
at the absorber, be small, and thaj Ilthe absorber reacceleration rf. As an initial example a cooling system
radiation length, be large (light elements; i.e. Li or Be owhich includes H cooling elements within strong (15T)
H). The energy loss mechanism also causes energy-lesgenoids and 800MHz rf cavities has been designed.
straggling, which naturally sets rrdp/p at the ~4% level, Detailed designs of rf systems, solenoids and detector
even with longitudinal cooling. components have been developed, and construction of a
The beam dynamics problems jrcooling include prototype rf cavity with Be windows has begun [33].
the beam-material interactions intrinsic to the coolinglUCOOL will also include development of Li lenses for
process, the single-particle beam transport problemgsoling, with construction and testing of a 1m long, 1cm
associated with obtaining strong foci at the absorbers, thedius, 10 T lens.
chromatic effects of ~4%p/p, dispersion and transverse . |
matching at wedge absorbers, as well as longitudinal ool

INITIAL ]

motion control with rf reacceleration, and the oosf -
multiparticle constraints imposed by space-charge and ool E
wake-fields in the short intense bunches, where the beam aosf 3

intensifies as it is cooled.
Lattices for cooling have been developed and a

Py, GeV/e

favored design includes sequences of solenoid cells with oo FiNAL

rf cavities and LiH or H absorbers at I@vef the lattice oosf ; 4

[26]. Another desirable focusing situation is obtained by oo 3

confining the cooling beam within a high-current Li rod ook g

which both focuses and cools the beam [27]. The b E

transport must include arc segments with wedges for L | |

cooling longitudinally; obtaining larg®p/p acceptance X, om

configurations with cooling and transport stability isFigure 3. Transverse phase spage]before and after a
nontrivial. Li lens cooling channel which reduces from 0.01 to

An outline design scenario fqi-cooling has been 0.00009 m-rad.
developed, and critical sections of the cooling section

have been simulated [28,29]. Figure 3 displays tranSVer=4, pceant—Alternate Solenoid:

phase space before and after a cooling section whi
cools transverse phase space byx10 However an

integrated design including the full complexity of the
beam transports, reacceleration and bunching, ai
including nonlinear beam dynamics coupled with the| 2
ionization interactions, has not yet been fully developet 2T
Initial cooling experiments verifying cooling efficiency

must also be developed. Because effeqiraoling has Figyre 4. Schematic view of 2 cells of an alternate

not yet been demonstrated and because of its importarggenoid cooling system, with ,Habsorbers and 1.3m

in establishing the feasibility of ar-i collider, an myjiicell Cu copper cavities with Be windows. Simulation
extensive R&D program has been established. tracks through the transport are shown.

Simulation efforts have been intensified, by
developing the codes ICOOL [30] and DPGeant [31] and
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BEPC INJECTOR UPGRADE

-For-
Electron Linac Division
Pei, Guoxi
Institute of High Energy Physics, Academia Sinica, Beijing 100039,China

Abstract so that the average output power of the klystrons can be
BEPC is a 222 GeV electron- positron collider with increased from 19MW to 22MW. By all measures
luminosity of 210¥%mi%s®. Its injector is a 1.3GeV mentioned above, it is hopeful to increase the positron

electron Linac. As a part of BEPC upgrades for highéfn€rgy to 1.75GeV as shown in Table 1.

luminosity, the Linac energy will be increased to 1.55
Table 1: Energy Upgrade

GeV of J¢ physics energy region, and further to 1.75

GeV or higher. The main measures we took are: 1) to uge Before After

4 sets of high power RF sources, including newly upgrade Upgrade
designed 65MW Klystrons and 150 MW modulators; 2) to| RF Power Source 11xI9MW | 8x22MW
rebuild local control system for more stable operation. _ 3x4SMW
After a few years effort with collaborating companies, RF pulse width 3.A1S 3. S
main upgrades and relevant improvements (15 dB hig EMF of SLED 14 15
power directional coupler, high power vacuum valve, RA_IMECtor Energy 1.3GeV 1.75Gev

pulse widening to increase the multiplication factor oPesides energy upgrade, another important upgrade is to

SLED etc.) are completed. Now the machine can b&build the local control system. The old one was
operated stably at 1.55GeV. manually operated, complex and inconvenient, especially

in our case, both electrons and positrons use the same
Keywords BEPC injector, high power RF source, Linacoeam line. When we made mode change, say flames,
control system a lot parameters should be changed. Computer can do it
very easily.
In what follows, the author will present the technique

1 INTRODUCTION ,
- ] ~ issues underneath the energy upgrade and the local control
Full energy injection is necessary for any highystem rebuild.

luminosity storage rings, such as PEP-KEKB etc.,
because it can avoid beam loss during ramping or omit
ramping process to shorten the injection time. For BES,
the most important physics iseJbf 1.55GeV. So, to

increase BEPC injector energy from 1.3GeV to 1.556e‘a'1 65MW klystron

for Jk and further to 1.75GeV for other physics is  Table 2: 65MW Specifications and Test Results
significant.

2 TECHNIQUE UPGRADE

.. 1 . Parameters Design 1st Tube 2nd Tubg 3rd Tuhe
BEPC injector”, built in 1987, was a 1.3GeV200- Frequency (MHz)| 2856 2856 2856 2856
meter electron Linac. HK-1 klystrons (35MW) were the| Cathode Dispenser| Dispensef  Dispenser __ Dispenser
RF power sources. The standard acceleration unit consiggeaer \éz'rtr'_((\/?) 2 25 2 225
of four 3-meter constant gradient accelerator tubes;puise voit.(kv) | 350 3385 342 350
driven by one klystron with SLED. The energy gain can PulseCurr. (A) | 415 406 401 444.1
Microperv. ¢ P) 2.:0.1 1.912.13 | 2.0 2.145
be expressed as W (MeV) = 20@ , where M is the [Pps 50 12.5 12.5 125
multiplication factor of SLED, and P the klystron output [ -Pn__*W- 600 £500 [BOO
: : X Pout__» MW- 65 50.4 58.5%66" | 634,76
power. It is clear that higher energy can be obtained byrrwian ¢s) | 3.5 3.0 33835 | 2580
both increasing the klystron output power and enhancingEficiency (%) 45 37.6 42.6%,48"
multiplication factor. There are 12 such acceleration unitg Gain__(dB) 51 (60 .
Lifetime (Hrs) » 15000 3500 8000 Alive

downstream of BEPC positron production system. If we
replace three of them with 65MW klystrons (operating ai/leasured by thermocoupler

45MW at the first stage), we can hope to get 200MeV Measured by peak power meter

energy gain. For the rest RF power supplies, we are goinghe new high power klystrhwas designed in 1992,

to make some modifications. Widening the pulse widtlthe prototype was SLAC 5045 tube. After many trials, we
from 3.2's to 3.7s by adjusting the modulator PFN, wegot the first tube in 1995, manufactured by 4404 company
can increase the multiplication factor of SLED from 1.4 ton Wuhan. The output power on the test stand was about
1.5. Using higher ratio of 1:14 pulse transformer, we cabOMW, not bad for the first tube. In succession, we totally
arise the pulse voltage a little bit from 260KV to 270KV got three 65MW klystrons from the company. Their test
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results and operation records at the gallery are listed modulators. The control PC inspects the PLCs through the
Table 2. From this table we can see, the output power R&S-232 port. The DC voltage, charging current, external
acceptable both on the test stand and at the gallery, but fh#ure signal and filament current are sent to the control
lifetime is too short. Now we are trying to open the twaoom. DC voltage can be remotely controlled.

failure tubes and analyse the problems with company

people.

2.2150MW modulator

Referring to high power modulator techniques of worlc

class labs, such as SLAC, KEK, DESY, etc., and our ow T S
80MW modulator experience, we designed the 150MV \ 2 /
modulators® for 65MW klystrons. The specifications | - :

and pulse voltage output waveform are listed separately Y :

Table 3 and Figure 1. We have made four 150MV \ /

modulators, two of them are now working at klystror

gallery for a few years, very stable and low noise.

Table 3: Parameters of New and Old Modulators

Old New
Output Power 80MW 150MV
Output HighVoltage 260KV 350KV
Repetition Rate 12.5Hz 25Hz
Anode Voltage of Thyratron 42KV 44KV
Anode Current of Thyratron 3240A 6500A
Pulse Transformer 1:12 1:15
Pulse Width 3.0s 35s
Rise Time 0.7s 0.9s
PFN Impedance 6¢2 3.3
PFN Total Capacitance 0.8# 0.9 f
Charging Current 3.7A 2.53A
Charging Time 5.5ms 2.6ms
Charging Inductance 10H 30H

2.3Local control system

Linac control systeffl reconstruction includes following

parts as illustrated in Fig.2.

a. RF power source
A new

Tek Stopped: ’56 Acguisitions

k.

A

E

chz .00V M 1.00us Chz2 ./ -—5.14V

Figure 1: 150MW Modulator Output Waveforme

b. Magnet power supplies

There are 88 sets of DC power supplies used for
guadrupoles, steering coils and focusing solenoids. Now
the adjustment can simply be done by the PCs. Good
data are saved on the hard disk for further analysis and
reference.

c. Vacuum

A PC is used for inspecting the status of the Linac
vacuum. All parameters can be shown on the screen with
proper colours. When there is any trouble, a sound and
red colour warning will appear.

d. Mode change and RF phase

As mentioned above, in our Linac eand € beams
use the same beam line. When changing modes, we need
switch the stepping motor to arise or put down the target,
and adjust the capture section RF phase and all the optical

local control system based on the PLC wagarameters downstream. In order to get the highest

installed and the communication between the control roognergy, the RF phases of the klystrons are controlled. All
and modulators was accomplished. PLC was used toeese are now accomplished by a PC.
replace the original relay control logic circuits of the

kA ocul stor
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Figure 2: Linac Control System
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2.4 High power vacuum vakike

Between klystron window and the downstream RF
structure, there is an valve for vacuum separation. The one
used for HK-1 klystron is SLAC old design, which is
Indium sealed and only can bear 35MW power. For 65MW
klystron, we must use new one. The new design is a two
part U type waveguide. These two parts can be set apart a
little bit to let seal plate with fluorine O ring insert into the
gap to separate vacuum.

2.5 15dB high power coupler

In our system, the first klystron is driven by an RF
amplifier. The following tubes are driven with part of the
power from No.1 tube by directional coupler. In order to
ensure enough driving power for 65MW klystroi$dB
directional coupler was designed and used to replace the
original 20dB one.

3 CONCLUSION

Except the lifetime of 65MW klystron need to be further
studied, all other upgrades have reached the design targets.
They are working smoothly on the machine, especially the
modulators and local control system. Because only two
65MW Klystrons were installed ( including one SLAC 5045
tube) at the gallery, not four as planned ,the linac can only
work at 1.55GeV.
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DEMONSTRATION OF TWO-BEAM ACCELERATION IN CTF Il

R. Bossart, H.H. Braun, G. Carron, M. Chanudet, F. Chautard, J.P. Delahaye, J.C. Godot,
S. Hutchins, I. Kamber, C. Martinez, G. Suberlucq, P. Tenenbaumhorndahl, M. Valentini,
I. Wilson, W. Wuensch, CERN, 1211 Geneva 23, Switzerland

Abstract 3.

The second phase of the Compact Linear Collider
(CLIC) Test Facility (CTF 1l) at CERN has demon-4.
strated the feasibility of two-beam acceleration at
30 GHz using a high-charge drive beam, running parallél

To study the dynamics of a high-charge, multibunch
drive beam.

To test the active alignment system in a realistic
accelerator environment.

To test CLIC beam monitoring equipment.

to the main beam, as the RF power source. To dateThe layout of CTF Il with its two beam lines is shown
accelerating gradients of 59 MV/m at 30 GHz have be€R figure 1. The drive beam generates 30 GHz power,
achieved. In CTF II, the two beams are generated Ryhile the main beam probes the accelerating field in the
3 GHz RF photo-injectors and are accelerated in 3 Gl‘ﬂ) GHz accelerator. Both beams are generated by S-
Iinacs, before injection into the 30 GHz modules. Thgand RF_photo_injectors_ The RF_photo_injectorS have
drive beam linac has to accelerate a 16 ns long train gfioto-cathodes illuminated by a common short pulse
48 bunches, each with a nominal charge of 13.4 nC. 18 ps fwhm) laser. The cathodes and the laser system are
cope with the very substantial beam-loading specigescribed in [3].
accelerating structures are used (running slightly off the The main beam operates with a single bunch of 1 nC
bunch repetition frequency). A magnetic chicangharge. A second bunch, with a variable delay relative to
compresses the bunches to less than 5 ps fwhm, thisHg first, can be added later to allow wakefield studies in
needed for efficient 30 GHz power generation. Theéhe 30 GHz structures. Before being injected into the
30 GHz modules are fully-engineered representativep GHz accelerator the main beam is accelerated to
sections of CLIC, they include a 30 GHz decelerator fofg MeV in an S-band travelling wave structure. This is
the drive beam, a 30 GHz accelerator for the main beafgcessary to obtain a small enough geometric emittance
high resolution BPM's and a wire-based active alignto fit into the small acceptance of the 30 GHz
ment system. The performance achieved so far, as wglicelerating structures which have a beam aperture of
as the operational experience with the first accelerator ghly 4 mm diameter. Magnetic spectrometers before and
this type, are reported. after the 30 GHz accelerator are used to measure the
1 INTRODUCTION beam. energy. The details of the 30 GHz accelerator are
described in [4].

After successfully completing the first phase of CTFin The drive beam RF-photo-injector is a 3-cell design
1995 [1], the construction of CTF Il was launched irpptimised for high charge acceleration [5]. The nominal
1996 with the following goals: charge is 640 nC in 48 bunches with a bunch spacing of
1. To demonstrate the feasibility of the CLIC two-beam o cm. The photo-injector accelerates these bunches to
accelerator scheme [2] and its associated 30 GHzMeV. The photo-injector is followed by two short
technology. travelling wave S-band structures optimised for high-
To build and test prototypes of the 30 GHz modulescharge acceleration [6]. These structures are also used

drive beam »
— f ) f ) [ ) @(
""""""" — { X8 X8 ] P |
3GHz  3.008 GHz 2.992GHz  bunch ' 30 GHz
RFgun TWS TWS compressor power extraction
! structure
main beam '
_ N ' A 4
=t e e e 2
3 GHz ‘' 3GHz ! 30 GHz accelerating %
RF gun ' TWS ! structure

G - -EEES
laser train generator
Figure 1: Layout of CTF Il (TWS=travelling wave structure)

installation spring 1999

" Present address: Stanford Linear Accelerator Center, Stanford, California
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for beam-loading compensation, as described in below. gg , , , ,
As a result of the counteracting longitudinal RF focusing b o
and space-charge defocusing forces, the bunch Iengt’%‘
after acceleration is about 8 ps fwhm for the nominalz
charge. A magnetic chicane, together with properz
phasing in the accelerating structures, compresses the
bunches to< 5 ps; this is needed for efficient 30 GHz W
power production. The first magnet of the chicane is also 4
used as a spectrometer magnet. After bunch compres-47&
sion, the beam is injected into the 30 GHz decelerator 10 205 nch Numbeir® 20

[4] where a part of its energy is converted into 30 GHg,

Ad ' A ¢ ¢ ure 2: Longitudinal phase space with beam loading
pOwer. ownslream Spectrometer magnet measures t(!b%npensation. Left side: measured; right side: predicted.
energy of the beam after power extraction.

2 DRIVE BEAM ACCELERATION AND 3 TWO BEAM ACCELERATION AT 30 GHZ

BEAM LOADING COMPENSATION In June and July of this year two-beam acceleration

The nominal drive beam train of 640 nC during 16 n¥as tested by simultaneously passing the drive beam
extracts 2.2 GW of power from the two 3 GHzthrough the 30 GHz decelerator and the main beam
accelerating sections. The related energy has to H¥Ough the 30 GHz accelerator. At present two power
provided by the energy stored in the acceleratin xtraction structures are mstall_ed in the 3Q GHz
structures. For this reason, the structures are operated'@¢€leérator. Each power extraction structure is con-
a high field (design 60 MV/m, achieved 36 MV/m) andhected to one 30 GHz accelerat_lng structure qf the main
their geometry is optimised for a loWQ (2.2 k3/m) to beam. One of the power extraction strgctures is an older
maximise the stored energy. Nevertheless the enerB{Ptotype (soon to be replaced) and gives about half the
drop due to transient beam-loading would be 17.5 MeRower of the other. The numbers quoted below for power
at nominal charge. Since such an energy spread ggd accelerating field refer to those measqr'ed with the
neither acceptable for the bunch compression nor for thWwer structure. The following quantities were
transverse matching into the 30 GHz decelerator, a twBleasured: drlye beam charge before and gfter the
frequency beam-loading compensation is used. The tf&celerator, drive beam bunch length [7], main beam
accelerating structures operate 7.8 MHz below dnde charge and bunch length, drive beam mqmentum before
the drive-beam bunch repetition frequency ofind after the_ decelerator, 30 GHz power (input, reflegted
2998.6 MHz. This introduces a change of RF phase froffld transmitted) for each of the two accelerating
bunch to bunch which allows an approximatétructures and main beam momentum. Table 1
compensation of the beam-loading. Due to the curvatup§mmarises the performance achieved in comparison
of the RF wave, a residual energy spread remaindith the design goals. As already e>.<per_|enced in CTF I,
leading to somewhat lower energies of the early and | RF breakdowns were observed in either the 30 GHz
bunches compared with bunches at the center of tM@veguide networks or the structures. The 30 GHz
train. This effect is visible in figure 2, which shows aPower production is limited for the moment by the drive
longitudinal phase-space image of a 24 bunch train wiff¢@m charge which can be transported through the
a total charge of 120 nC. This is taken with a strea#€celerator.
camera from a transition radiation screen in the firgt
drive beam spectrometer. A plot of the calculated energy
distribution is shown for comparison. For a 48 bunch
train the total energy variation from bunch to bunch due
to this effect is 7%. Without beam loading compensationdrive
it would be 30% for the nominal charge. By using twq(
frequencies, the single bunch energy sprgdad introduced
the T structure is compensated by th& 2tructure.
However, using correct phasing and a slight reduction pf number of bunches 48 48
the field amplitude in the"? structure, it is possible to bunch length fwhm > ps > ps
introduce a correlated energy spread in the individupB0 GHz power at outputof | 71 MW | 27 MW
bunches which is approximately equal for all bunchefPOWer extraction structure
This is essential for bunch compression in the magne{i80 GHz power pulse length 14 ns 14 n$
chicane. Adding a correlated energy spread to allow ftrgoean accelerating field in | 95 MV/m | 59 MV/m
bunch compression, the energy spread with beam loadipgQ GHz acc. structure
compensation increases to 14%.

XXX‘KKKK‘XXX
X X
X X

-

design achieved
maximum acceler- 640 nC 755 nC
ated charge
acc. charge giving 640 nC 475 nC
max. 30 GHz power
Ikg]eam max. charge through 640 nC 374 nC
decelerator

Table 1: Nominal and achieved performance.
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produced and accelerated. Effects leading to emittance
A i growth in the magnetic bunch compressor were studied
0.8r ‘ drive beam off experimentally [8]. The single bunch mode of operation
/ is also used for beam monitor testing [9].
0.61
5 CONCLUSION AND OUTLOOK
drive b o
o4r ez The CTF Il has demonstrated the principle of two-
| \ \ beam acceleration at 30 GHz. Although not all the
0.2r \ design specifications have been met until now, the
“ accelerating gradients achieved are already well above
T those in more conventional elec_tron accelerators_, and the
beam momentum [MeV/c] charge and beam current obtained from the drive beam
Figure 3: Momentum spectra of the main beam meagccelerator are unprecedented for RF-photo-injectors.
ured with drive beam on and off. For the coming year it is planned to add two more

power extraction and accelerating structures. A test with
a special power extraction structure of considerably
higher shunt impedance is foreseen, which will allow to
generate even higher power than with the standard
structures. This power will be used to explore the as yet
unknown gradient limits of 30 GHz structures.

To improve the quality of the drive beam a new RF-
photo-injector [10] and an idler cavity are under
construction. The new gun will improve the drive beam
quality while the idler cavity will reduce the residual
energy spread of the beam loading compensation
scheme.

0.3 T !
before power
after power extraction

extraction

0.25

28 30 32 34 36 38 40 42
beam momentum [MeV/c]
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Abstract

Hardware R&D on the C-band (5712 MHz) RF-system
for an electron/positron linear collider started in 1996 at
KEK. During two years R& D, we have developed two 50-
MW C-band klystrons (TOSHIBA E3746 #1, #2), the
"Smart Modulator", the traveling-wave resonator (TWR)
and the cold model of the rf-pulse compressor [1,2]. A C-
band accelerating structure, which uses the choke-mode
cavity, is under development. Its HOM-damping
performance will be tested at ASSET beam-line in this
year. Since the C-band system is designed to accelerate
high-current beams at a high accelerating gradient of 36
MV/m, there are various applications in the future beside
the linear collider. For example, we can build an injector
for the SR-ring in a limited site-length. Additionally, since
the C-band components are compact, it has a big
potentiality to be widely used in various medical and
industrial  applications, such as an electron-beam
radiotherapy machine, or a compact non-destructive X-ray
imaging system.

1 INTRODUCTION

The ete™ linear collider is a large-scale project. In the
main linac for two beams, we need more than 7000

C-band LINAC RF-SYSTEM LINEAR COLLIDER

45 00 GeV FOR TWO LINACS

5712 MHz,
RF-SYSTEM
MODULATORS
KLYSTRONS

SMART MODULATOR

N
uuuuu

ACC. STRUCTURES
ACTIVE LENGTH
WALL-PLUG POWER

1119 Nakayama, Y okohama, 226 Japan

accelerating structures, 3500 klystrons and their pulse
modulators. Therefore, the hardware has to meet the
followings:

(1) Highly reliable,

(2) Simple,

(3) Low construction cost,

(4) Reasonably power efficient and

(5) Operationally ease.
The above list provides a guideline and boundary
conditions to our R&D works. Among the system
parameters, the choice of the drive rf-frequency plays the
most important role concerning to the system performance
as well as the hardware details. We proposed the C-band
frequency as the best choice to meet al of the demands
listed above [1].

2 SYSTEM DESCRIPTION

Figure 1 shows a schematic diagram of one unit in the
main linac rf-system. The deigned value of the
accelerating gradient in ref. [1] was 32 MV/m. It is now
36 MV/m, which has been increased by a new idea
concerning the RF pulse compressor (see later) and
improved shunt impedance in the accelerating structure.
The required number of unit for 500 GeV c.m. energy was
reduced to 1800 units (it was 2040 units).

3 PROGRESSON
HARDWARE R&D

C-band LC

3.1 Waveguide Components

Since this is the first project to use
the C-band frequency as the beam
acceleration, no high-power

Lsn MW

HV INVERTER POWER SUPPLY
25

1 T

50 MW KLYSTRON Y

»

115 — 100 MW B
25ps
RF-PULSE AOO MW, 0.5
COMPRESSOR = *
x4.0, 7 80%
WAVEGUIDE WR-187 Rectangular
LOSS ~5%

ACCELERATOR Ea=36 (45) MV/m

. — —

37A

100 pps
w53
7= 5%

waveguide component of vacuum-
tight design was available in the
market. We newly devel oped various
waveguide components, including a
ceramic window, a EIA-WR187
size (Fig.2). [3] We assembled a
traveling-wave resonator (TWR),
and tested it up to 90 MW of the

GROER  8m accumulated power with 2.4 psec

oy pulse-width. No difficulty
VVVVVVVVVVV 3 7ifa, afp.=0.13-0.17,  vg=0.012-0.035¢, r=60 MOhmim, TF=286 ns, ACTIVE MOVER . .
ALIGNMENT TORELANCE : ~ 30 pm / STRUCTURE Concernlng to the h|gh'p0Wer
Linear Collcer operation was found at this power
e evel

Fig. 1 One unit of the C-band RF system.
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Fig.2 C-band waveguide component (Bethe holecouple

3.2 RF Pulse Compressor

The authors have proposed a new type RF pulse
compressor in 1996 [4]. It can generate a flat output pulse
from an energy-storage cavity of 1 meter long. It
eliminated the long pipes required in SLED-II type
compressor. To compensate ringing response associated
with the multi-cell coupled cavity, the amplitude
modulation is applied on the input RF power. In 1997, we
demonstrated generation of aflat pulse using a cold model
pulse-compressor cavity (Fig. 3, Fig. 4). The energy gain
of 3.25 was obtained [5].

To improve the power gain, we started a study on a hew

Flat top
230 nsec

Fig. 4 Flat-top rf pulse compression
using 1-m long 3-cell delay-line.

2.5 psec at 50 pps. The power efficiency was improved to
44%. Fig. 6 shows the output waveform from the second
klystron. Details are reported at this conference [9].
Recently we have developed an advanced calorimetric
method for the absolute rf-power measurement. To
eliminate uncertainty in flow-rate measurement of cooling
water, we introduced an electric heater in the cooling
water system. Since we can accurately determine the
dissipation power on the heater by VI product, this method
enables to determine the absolute power accurately.

3.4 Smart Modulator (Klystron Power Supply)

The C-band klystron uses a high-voltage pulse of —350
kV peak and 3.jusec width. The conventional PFN line-
type pulse-modulator is suitable to generate this pulse, and
no essential difficulties are expected. Therefore, R&D
work was focused on reducing cost and improving
reliability. In 1993, Prof. M. H. Cho and Prof. H.

o

idea: recovering rf-energy from the front part of the
modulator pulse. A phase modulator is used to compensate
a phase dip in the klystron. Since the pulse-compression
cavity acts as the energy storage, the rf-energy in the front

— part is accumulated and
contributes  to
energy.

A tentative test showed
| enhancement of the power gain
. of 1.3[6]. To apply thisideain
| the practical accelerators, we
. need to develop a RF feedback
" module (IQ-modulator and
| demodulator, a microprocessor
and a solid-state RF amplifier
of 500 W output level). This
| RF feedback module will be
aso useful in  various
accelerators to compensate the
| beam loading effects, such as
. ~ | in abeam buncher system or a
Fig. 3 Three-cell pulserf-gun to generate a stable
compression cavity.  beam into FEL oscillators.

the output

Fig. 5 The C-band klystron: TOSHIBA E3746 #2, and
its traveling-wave output structure..

54 MW

RF Output 2.5psec
Power 50 pps

3.3 C-band Klystron R&D

In 1996 FY, we developed the first tube E3746 #1, which
employed conventional design: the single-gap output
structure and the solenoid focus. It generated 50 MW
power into 1 psec width at 20 pps repetition [7,8]. We
continuously operated the klystron at C-band test-lab until
the second tube being ready.

In 1997 FY, we developed the second tube E3746 #2.
This is an upgrade version of the first klystron, in which
the single-gap output structure was replaced with a newly
developed 3-cell traveling-wave output structure shown in
Fig. 5. The second tube generated 54 MW peak power in

HV 369 kV

1 ps/div

Fig. 6 RF output power of the second
E3746 C-band klystron.
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Matsumoto proposed a concept of “Smart Modulator”, 4 FUTURE R&D
which is an ideal modulator: simple, compact, reliable and

low cost. As the first step, we developed a prototype of the | € first stage of the R&D was successful. For the next
smart modulator, which is step, in order to examine the system performance under a

1. Direct HV charging from an inverter power supply. realistic situation, one-unit of the C-band system has to be
2. No deQ-ing circuit. installed and tested with beam in an existing machine,
3. Much smaller size than conventional modulators. such as KEK-B injector. Daily operation will tell us what

4. Uses existing reliable circuit components. we should do next.

The developed smart-modulator is shown in Fig. 7. The

main cabinet size is 1600x2000x1200 mm only, which is ACKNOWLEDGMENT
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THE DRIVE BEAM DECELERATOR OF CLIC

A. Riche, D. Schulte, CERN, Geneva, Switzerland

Abstract 2 MODULE LAYOUT

In the Compact Linear Collider (CLIC) a high—current,TO simplify the longitudinal matching of the drive beam

low-energy beam will be decelerated in a chain of poV\quiecelerators and the main !ina}c they both consis_t of mod-
extraction structures to produce the RF-power necessaffs Of equal length. A main linac module contains up to
to accelerate a low-current, high-energy beam in the malfur Structures—one to four of which can be replaced by
linac. The transverse dynamics of the decelerated bedfHadrupolesif necessary. A drive beam decelerator module
is discussed, based on results of the programs WAKE [i:]ons_lsts of two structu_res, qguadrupoles and beqm position
and PLACET [2]. The very large energy spread and stro onitors (BPMSs) for.mlng a FODO-cell. Each drive be_am
transverse wakefields as well as the high group velocity Gfructure has an active length@8 m and feeds two main
these fields and the considerable length of the bunch trd|f2C Structures, its total power 42 MW.

are important factors. Static and dynamic imperfections are " modules where main linac structures are replaced
considered including ground motion. The choice of paranfy quadrupoles, decelerator structures will be replaced by
eters for the structures is investigated. A promising bearfllifts or special types that feed one structure only.

based alignment technique is presented that makes use of a

low emittance beam. 3 STRUCTURE MODEL

Here, only on the so-called four-waveguide structure [7] is
considered. The inner bore of the structures is cylindrically
1 INTRODUCTION symmetric, except for the four longitudinal waveguides that
are cut into the surface.
CLIC [3] is based on a two-beam scheme. The RF power The longitudinal and transverse wakefields can each be
used to accelerate the main beam3@GHz) is produced described very well by a single mode. These modes have
by a second high-current low-energy beam (drive beanglmost the same frequency—longitudinally it38 GHz,
running parallel to the main one [4], which is deceleratedransverly it is24 MHz lower.
in power extraction structures, to produce the RF power.  |n contrast to most structures in accelerators, the group

Each drive beam decelerator is on averagem long Velocities of the longitudinal and transverse modgs are
and contains 550 power extraction structures. The traffPmparable to the speed of light—ed). ~ 31 ~ 0.44c.
producing the power consists 9§24 bunches. Alongthe ~ The maximum, minimum and mean energy of each
train the bunch charge increases over the first 320 buncheignch is shown in Fig. 1 at the end of the decelerator.
and then stays constant (8.6 nC). This charge ramp

is necessary to compensate the beam-loading in the main 12 - - - - - —
linac [5]. In the following simulations, the charge of the I ~ mean ——
first bunch is assumed to be half of the charge of a bunch 1 ' minimum  -——-- T
on the flat top. Within the ramp the bunch charge increasesy’ 08\ maximum - .
linearly with the bunch number. O, 06 |

Depending on the beam-loading compensation in the™ 04t
drive beam accelerator, the ramp may be different from the 02+
model used and the flat top may be followed by a tail of . . . . . . .
bunches with decreasing charge. However, first simulations 0 0 50 100 150 200 250 300 350 400
indicate that the different ramps have little influence. Bunch no

The bunches are separated by a distancecat, have
a length ofe. = 400 ym and have normalised transverseFigure 1: The final minimum, maximum and mean energy
emittances ofye, = e, = 150 um. The initial energy is of each bunch as a function of the bunch number. Only the
E = 1.2GeV and the initial energy spread is assumed tfirst 400 bunches are shown, on the flat top the values are
beor/E ~ 1% RMS [6]. During deceleration the energy constant.
spread increases to ab@it% of the initial energy.
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4 LATTICE lead to a more stable beam. For very small valugg,dhe

The lattice consists of simple FODO-cells with a~envelope is larger at large radii, just because the emittance

quadrupole spacing of half a girder lengthlot15 m. Ig- Is larger du(_a to the smaller energy. L .
noring the additional drifts or special structures, each de- The_ maximum charge per bunch is fixed by the drive
celerator consists of 275 modules supporting 550 stru%—eam injector to aboa0) nC. The parameters are thus cho-
tures. For the same normalised emittance the maximuig" © bes = 12mm corresponding td?/Q = 319/m.
envelope in a periodic lattice is given by the particles with € necessary output power.Bf:_ 512 MW can then be
the lowest energy [8]. The lattice is scaled to have constaREOV'ded byg ~ 17.60C. The achievabl€) is 50 [5].

beta-functions for the lowest energy. The dependence of 1251125 100 875 s

. ! . L 30
the final envelope on the final energy is shown in Fig. 2. A _
phase advance ak® = 88° per cell was chosen. Larger E 25 625
phase advances reduce the sensitivity to transverse wakgy 20
fields but increase the maximum transverse beam size. T
three-sigma envelope of the beam is shown in Fig. 3. It% 15 507
shows the adiabatic undamping due to the decreasing eng —
S 5
—_ 12
c 1S
E 0
© 0.6 0.8 1 12 14
s RIQ
g
5 Figure 4: The maximum envelope of a three sigma beam
= 02 04 06 08 1 12 with an initial offset of one sigma for different four-
' © E[Gev] ' waveguide structures. The radius was varied to achieve dif-

ferent values ofR/(@). The curves correspond to different
Figure 2: Final beam size versus final energy in the drive-values.

beam.
6 NON-UNIFORMITY OF THE FIELD
g g [ ' ' ' ' ] The waveguides lead to a variation of the longitudinal field
T al A with the transverse offsetand¢. This in turn gives rise to
g 3+ . a transverse kick
2 21 : R S j o0 k=1 )
1¢ : e 1 i .
E 0 1 1 1 1 1 ApL(’I“, ¢) = Apz70 24]67‘&7% SIH(QFS/)\)
0O 100 200 300 400 500 k=1
Quadrupole no ck[—€r cos(4ke) + €, sin(4ke)]

Figure 3: The envelope of a three-sigma beam along thdere, ¢ = 0 lies in a symmetry plane in the centre of a
decelerator in the focusing and defocusing quadrupoles. waveguide.
In the simulation onlyk = 1 andk = 2 are taken into
account. The higher-order terms will cause a significant

5 STABILITY field only at large radii due to theg/a)** dependence.
In order to find the optimum iris radiusof the decelerating 12 ‘ ‘ ‘_
structures a scaling law for the longitudinal and transverse= 10 L ‘3sigma —— i
wakefields was derived using three different structures with 3sigma, rot —— H
| A 8t 4 sigma P

a = 10, 12 and20mm. The wakefields were found to @ 4 sigma, rot L
scale adV; o« a~® andWy « a—3. The group velocity S 6t 5sigma L
remains about constant. § 4 1 5sigma, rot T

Simulations were performed for different valuesi@ind % 2 pme e 1
Q, ignoring the field non-uniformity. The layout of the de- 0 w w w w w
celerator was kept constant. In order to achieve the same 0 100 200 300 400 500
power and initial-to-final energy ratio, the charge per bunch quadrupole no

and initial energy were adjusted. Figure 4 shows the maxi- _ _ _
mum amplitude reached by a three-sigma particle. The infFigure 5: The envelope of an on-axis beam with and with-
tial beam offset was\z = o,. As can be seen, larger radii 0ut rotating the structures at the focusing quadrupoles.
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Figure 5 shows the envelopes for on-axis beams fdream is steered into the last BPM of the bin using a correc-
particles with Courant-Snyder invariant§ = c?¢, and tion coil. The centres of the other BPMs are then shifted
Az = 0. In this symmetry plane the forces are purely raento the beam trajectory—either using software or hard-
dial. The three-sigma particles barely pass. The situatiomare. In the second step the quadrupoles are switched on
improves significantly if every second structure is turnednd a few-to-few steering is performed. In this method, the
by 45° to get a cancellation of focusing and defocusing debeam has to be transported over some distance without fo-
flections. Here, the term with = 2 may become important cusing. This is not possible with the large emittance drive
since it is not cancelled, but even the five-sigma particldseam without major beam loss. Therefore it is necessary to
turn out to be stable. use a low emittance beam such as, for example, the main

beam after the damping ring. This beam has a bunch length
* * of 0, = 300 um and an energy off = 1.98 GeV. Its
emittance is less thepe, < 2 um in the horizontal plane.
After aligning the BPMs, a simple one-to-one steering can
be performed using the whole bunch train. The resulting
envelope in a test case—not taking the non-uniformity into
account—is shown in Fig. 7.

x-envelope [mm]
OFRLNWkhUUION O

0 100 200 300 400 500 8 CONCLUSIONS

Quadrupole no For a given type of power extraction structure it was found
. . . thatincreasing the aperture, and simultaneously decreasing
Figure 6: The envelope for a three sigma beam with & initial beam energy and increasing the bunch charge,
initial offset of &, = o, with (case 2) and without (case 1) jynroves the stability. Therefore the maximum beam cur-
taking into account the non-uniformity of the field. rent achievable by the injector has been chosen. The re-
quired output power then defines the structure aperture.

To see the effect of the non-uniformity in the pres- The non-uniformity of the longitudinal field effectively
ence of beam jitter, the envelope for particles starting witreduces the available aperture since particles at large radii
A2 = 3%, andAj = 0 for a beam with an initial offset are lost rapidly. Rotating every second structure improves
0, = o, is calculated, with and without taking the non-the situation considerably, using a structure with a higher
uniformity into account. If the structures are rotated as desrder of symmetry solves the problem. For example six-
scribed before, the difference is negligible, see Fig. 6. Theaveguide and eight-waveguide structures are under inves-
same behaviour is expected féf /¢, + A2 /e, < 3%, but tigation.

this needs more investigation. With the present parameters a three-sigma beam is ex-
pected to pass the whole decelerator even if it has an un-
7 ALIGNMENT AND STEERING corrected offset of one sigma at the beamline entry.

Further studies are necessary to understand the effect of
the field non-uniformity on the correction scheme.

8 ‘ ;

= 7t latticeonly 1
g 6 | corrected case - ,ﬁ 9 REFERENCES
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first step the quadrupoles in the bin are switched off. Th ] D. Schulte, to be published.

120



OPTICS ELEMENTS FOR MODELING ELECTROSTATIC LENSES
AND ACCELERATOR COMPONENTS IV. ELECTROSTATIC
QUADRUPOLES AND SPACE CHARGE MODELING

George H. Gillespie
G. H. Gillespie Associates, Inc., P.O. Box 2961, Del Mar, CA 92014, U.S.A.

Abstract velocity of the particle. Theard-edge ES quanodel [2]

n TRACE 3-D simply calls thehard-edgemagnetic

i
Optical models for a variety of electrostatic elemen . ; : .
adrupole subroutine using a gradient given by (1).
have beerdevelopedor the computecode TRACE 3-D. Eu P gag 9 y (@)

TRACE 3-D is an envelope (matrigpdethatincludes a 2.2 ES Quadrupole with Fringe Field

linear space charge modid isprimarily used to model . . . !

bunched beams in magnetic transport systems and EIect_rostancquadrupoIeSA_/lth frlnge fields are often

radiofrequency (RF) accelerators. New matrix moHaise modeled in terms of a potential function of the form:

been developed that allow the code to be used for modeling (x,y,2) = + V(2) (x? - yd)/a® | @)

beamlinesand acceleratorsvith electrostatic components.

These new models include mumber of options for Where V@) is a smooth functionused to model the

simulating: (1) einzel lenses, (2) dcceleratocolumns, longitudinal variation of thequadrupolestrength.  The

(3) electrostatiodeflectors (prisms), and (4) electrostatic €lectric field is given by thegradient ofg: E = -l¢ .

quadrupoles. A prescription for setting up the inliehm However,this electric field doeshot, in general, satisfy

appropriate to modeling 2-D (continuous) beams has al@xwell's equationls E = 0. For the speciatase in

beendeveloped. The models for (4pre described irthis WhichV(z) is a piece-wise linear (or constant) function of

paper and examples of their useare illustrated. The 2z thenld E = 0 almosteverywhere. The fringefield ES

relationshipbetweenthe 3-D (bunchedbeam)and2-D (dc quadrupole uses a functid{z) which rises linearlyfrom

beam) space charge modeling is discussettomparisons Z€ro to amaximum value Y over an entranckengthd,,

of numerical results to other calculations are presented. remains constant at,for a distance given by the effective
1 INTRODUCTION electrode length and therdecreasefinearly to zero over

an exit lengthd,.
The TRACE 3-D program [1] is one of tilstandard

codes used ithe design of standing waveadiofrequency
linacs andtransport lines for high-curremiunchedoeams. A first-order &6 transfer matrix (R-matrix) is used to
Considerable work has beedone on extending the gescribeparticle optics in the paraxial approximation.
program to model a nevarray of acceleratoproblems, The elements of the R-matrace computed directly from
including wakefields [2], traveling wave structures [3], anghe electric fieldsusing standardmethods4,5]. For the
electrostatic lenses [4]. This paper describes recent worlfrﬁ,be field ES quadrupolethe region over which the
further extending the capabilities of TRAGED. fields act is divided into small steps of lengta and four

R-matrices are computed feachstep: adrift matrix [1]
2 ELECTROSTATIC QUADRUPOLES of length Az /2, a lens matrix which computes the

Two electrostatic (ES) quadrupoles models Hasen guadrupoleémpulse, another driftmatrix of lengthAz /2,

developedfor use in TRACE 3-D. One is hard-edge and a space-chargmpulse matrix tomodel the linear
model wherethe magnitude of thejuadrupole field is SPace-charge forces (described in Section 3).

2.3 R-Matrix Elements and Example

constant over thguadrupolelength and zero elsewhere. The non-trivial elements of thquadrupolelens R-
The second models fringe fields as linear functions that Sagtrix at locatiore are:

over specified fringe field entrance and exit distances. R,y = - Ryy = - 200z V(z)/(aZBZymcz) _ ?)

2.1 Hard-Edge ES Quadrupole Table 1 summarizes test TRACE 3-D

] ] ) o calculationscarried out for the hard-edge andringe-field

~ The first order optics for a particle moving in the models with short fringe lengths, whilte compared to
field of an ES quad are the same as those for the motion{Bgnetic quadrupoleresults.  Thefringe-field ES quad
a magnetic quad using an equivalent field gradient B cg|cylations required a maximum step siz&nf0.1 mm
B' = 2V0/(aZBc) , @ to ot_)tain the results shpwwhereas accurautesult.swere
obtained for the magnetend hard-edge ES quadith Az
where V is theelectrodevoltage of the ESjuadrupole, a =2.0 mm. Using the relation (1), ttagreement igood

is theradial aperture ofhe ESquadrupoleandpc is the between all cases.
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Table 1. Comparison of quad fitting (matching) results (Example B of reference [1] without RF elements) for hard-edge
ES quads, fringe-field ES quads (snthlandd,), magnetic quads, and expected ES values from Eq. (1).

Quad Model MMF (10° Quad 1 (Vor B")

Quad 2 (Yor B")

Quad 3 (Yor B")

Quad 4 (Yor B")

Magnetic 2

Equation (1) -
Hard-Edge ES 17
Fringe-Field ES 55

20.2647 T/m
14.0189 kV/cm
14.0189 kV/cm
14.031 kV/cm

22,4726 T/m
15.5463 kV/cm
15.5464 kV/cm
15.559 kV/cm

19.6900 T/m
-13.6213 kV/cm
-13.6214 kV/cm
-13.629 kV/cm

18.3534 T/m
12.6967 kV/cm
12.6967 kV/cm
12.706 kV/cm

3 2-D SPACE CHARGE MODELING

Spacecharge is treated iITRACE 3-D as dinear The longitudinal electric field (11) varies vesjowly
force using the equivalentuniform beam model. ~ The (jogarithmically) with the transverse beam dimensions,
electric fieldcomponents inside a uniformigharged 3-D and becomes small for large The bunch length, wil

ellipsoid, with semiaxes given by, r, andr,, are [1]: not change due to the longitudinal space charge force if the

E, (xy.2) = (K/yz) [(1-f(p))/(rx(rx+ry )rz)]x @ total .beamllntzle.ngth o”ver which ;he en;:elqugu;aﬂons

v.3) = &) (- )/ 4 ) )]y .+ ©) are integrate issmall compare __tot e initial r,.

B (0y.2) = yyx o y’rz Therefore, two conditions on the initial bunch lengded

and E,(xy.2) =« [f(p)/(r,r,r,)]z (6) to be satisfied sahat the bunchedbeam spacesharge
fields reduce to those for a continuous beam:

ly = (43),/BN) 1y, - (12)

wherek=3Al/(4TTEC), v is the relativisticenergy factor
of the beamandf(p) is the 3-D ellipsoidal formfactor.
I, is averagebeam currentwhere eachbunch passes a
given pointonce per RF cycle (wavelength A3. The

form factor depends on plzzl(rxry)llz: for p>1, f(p) is:

f(p) — [pln [p+(p2+1)1/2]/(p2+l)3/2] _ 1/(p2+1)1/2 ) (7)
Equations (4)-(6) fothe bunchedbeam electridields

r,>> (rxry )1/2/y andr,>L . (13)

Both conditionsare achieved irthe normal situation
where the transverse dimensions are small compared to the
beamline lengthandone selects an initial value for the
bunch lengthgreaterthanL. The longitudinalemittance
and Twiss parameters are:

can simulate dc beam fields by taking appropriate limits. €, =r,(4p/p) Temeter-radian ,  (14)
3.1 Space Charge for Continuous Beams ;=0 . _ (15)
and B,=r,/ (Ap/p) meter/radian , (16)

Forr,muchlargerthanr, andr,, the 3-D ellipsoidal o )
beam bunch becomesongatedand the shapenear the whererz_ is in meters andp /p is the momentum spread.
center approachehat of a 2-D beam with an elliptical Using the formulas (12) and (14)-(16), the TRACE 3-
cross section whose semiaxes are given gndr,. The D space charge fields reduce to those for a 2-D continuous
y: " (o
electric fields in this case are obtained in the liwtiere p P&am when the conditions (13) are satisfied.

becomes very large. In tHemit of large p,the 3-D 3.2 Comparisons to Semi-Analytic Calculation
ellipsoidal form factor becomes:

f(p) = [In(2p)- 1] / p° , for p>>1. ®)
The electric field becomes:

E.(xy.2) = &/ Y) [LI(r, (r,+r, )X . (@)
E,(xy.2) = &/ V) [L/(r,(r,+r, )]y . (10)
E(xy.2) = (K7 V) [[In(yr /(r,r )"2) - 11(r )]z, (11)

wherek'=(k/r,). The field components ($nd(10) are of
the same form [8] as those for a continuous uniformly
charged, 2-elliptical cross section beam, wigemiaxes whereD [] is the value of Dawson's integral &t and is
r, andr,, when theparameter'=l,. /(1g,8c). Iy is the available in tabulated form [9]. K=2(I ) [_%'?’y'3 is the
current forthe continuougdc) beam. Consequently, thegeneralized beam perveance gnid the Alfven current.
transverse electric fields computed BRACE 3-D are the

same as those for a dc beam if the bunched beam current is

related to the continuous beam current by:

The accuracy of the 2-Bimulation haseenverified
using TRACE 3-D by comparing thepace chargeadial
expansion otylindrical beams with results for the semi-
analytic solutions. Table 2 summarizes one comparison.

The space chargexpansion of azero emittance,
cylindrical beam can bexpressed inerms of Dawson's
integral. For a beam withadius f and no divergence at
z=0, the downstream r and z are related by [7]:

(z/r) = /K2 (r/r) D [In(rr )™y 17)
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Table 2. Comparison of the simulated beam radius, forsplage-chargexpansion of 10 keV, 2 Ampere, @D
uniform) e-beam, with the semi-analytic radius. The beam's initial phase space parameters are given in the text.

Length Drift Drift In(r/ro)ll2 Radius (mm) Radius (mm) Deviation
z (mm) Number Length Semi-Analytic  TRACE 3-D (%)
1.6368 2 1.6368 0.02 10.00400 10.00400 0.00000
3.2750 3 1.6382 0.04 10.01601 10.01603 0.00020
8.2104 4 4.9354 0.10 10.10050 10.10057 0.00069
16.5869 5 8.3765 0.20 10.40811 10.40850 0.00375
119.6891 6 103.1022 1.00 27.18282 27.19945 0.06118
332.4853 7 212.7963 1.50 94.87736 94.94152 0.06763
548.5548 8 216.0694 1.70 179.93310 180.04664 0.06310
724.5571 9 176.0023 1.80 255.33722 255.49130 0.06034
976.9775 10 252.4205 1.90 369.66053 369.87306 0.05749

Gillespie Associates, Inc. THange-field ES quadmodel
The Alfven current J=4Treo[mc3/q]=0.03335641 was developed usirlgowerTracéM [10].
2 - 1/2
x[mc“(MeV)/q(e)] amps. The value&=In((r/r,))"" shown REFERENCES
in Table 2 were selected so that tabulated entrie® f&j
could be used tdeterminethe correspondingralues of z/

= [1]K. Crandall and D. Rusthoi, “TRACE 3-D
- The perveancased(K=0.02986778)corresponds to a Documentation,” third edition, Los Alamos National

2 amp, 10 ke\( beam with particle mass 0.511 MeV. A Laboratory Report LA-UR-97-886 (1997) 106 pages.
beamline ofdrift elements wasonstructed10], whose [2] W. P. Lysenko, D. P. Rusthoi, K. C. D. Chan, G. H.

lengths correspond to the intervals betwten values of Gillespie and B. WHill, “Wakefields inthe TRACE
zlr,. For a beamadius f, = 10 mm, the resultinglrift 3-D Code,” Proc. XVIII International Linear

lengths ar}d.gccumulated length z are given in Table 2. Accelerator Conf. (Geneva), Vol. 2, 845-847 (1996).

The initial transverse phase spaosed values of [B]M. C. Lampel, “A Self-ConsistenBeam Loaded
€,=€,=0.04 temm-mrad, 3,=B,=2500 mm/mrad and Traveling Wave Accelerator Model fafse in TRACE
a,=a,=0. For the longitudinabarameters (14)-(16),  3-D,” to be published in the Proc. 1997 Particle
initial values of Ap/p =5x10™* andr,=100 meterswere Accelerator Conf. (Vancouver), 3 pages.
used. Simulations using £0 confirmedthat nobeam [4] G. H. Gillespieand T. A. Brown, “Optics Elements
expansion occurred due to finite transverse emittances. ~ for Modeling Electrostatic Lensesnd Accelerator

The TRACE 3-D results shown in Table 2 used a Components I. Einzel Lenses,” to be published in the
radiofrequency 02.998 MHz Q just under 100 meters). Proc. 1997 Particle Accelerator Conf., 3 pages.
Then, from Eq. (12),.#13.676 amps. The TRACE 3-D [8] G. H. G|Ilgsp|eand T. A. Brown, “Optics Elements
radii computed fothis currentagreewith those from the ~ for Modeling Electrostatic Lenseand Accelerator
semi-analytic calculation to better than 7 partd@000. Components II. Acceleration Columns,” to be
Other simulations to confirm the Eq. (12) scaliagd to published in Nuclear Instrumentsand Methods in
explore limitations imposed by (13)erealso performed Physics Research B (1998) 4 pages. _
with differentA, r,, 1, and with equal perveance beams. [61G. H. G|I!esp|e, Optics Elements foModeling
Electrostatic Lenseand AcceleratorComponentslll.
4 SUMMARY Deflector Prisms,” in preparation.

[7] M. Reiser, Theory and Design of Charged Particle

X Beams J. Wiley & Sons, New York (1994), p. 199.
been developedfor use in the TRACE 3-Dcode. A (gp C. Carey,The Optics ofChargedParticle Beams
prescription for using TRACE 3-D taccuratelysimulate Harwood Academic Publishers (1987), p. 284.

dc space charge effedtas alsabeen developed. Together [9] M. Abramowitz and I. A. Stegun, Handbook of
with einzel lens [4], acceleration column [Bhd deflector
prism [6] models, TRACE 3-D habeen expanded to
model a spectrum of electrostatic systems.

Optical elements for electrostatiuiadrupoles have

MathematicalFunctions with FormulasGraphs and
Mathematical Tables Ninth  Printing, Dover
Publications, New York (1972), p. 319, Table 7.5.
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Thehard-edg&S quadrupolemodel was implemented
by W. Lysenko [2]JunderCRADA number LA95C10203
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RECENT DEVELOPMENTSIN THE ACCELERATOR DESIGN CODE
PARMILA*

H. Takedaand J. H. Billen
Los Alamos National Laboratory, Los Alamos, New Mexico 87545 USA

Abstract

The PARMILA code, which originated in the 1960s for
designing drift-tube linacs (DTLs), now designs and
simulates the performance of many types of rf linear
accelerator. The structure types include the DTL,
coupled-cavity  drift-tube linac  (CCDTL) [1],
conventional coupled-cavity linac (CCL), and severa
types of superconducting linac. This new code can handle
multiple types of linac structures in a single run. This
code features a more logically organized input sequence
for the different linac structures and their properties. A
PARMILA run can include segquences of beam-transport
elements. In this paper, we describe the new user
interface, highlighting the implementation of multiple rf
structures. Also, we discuss the algorithm used for
designing superconducting linac structures.

1 LINAC STRUCTURES

In designing a linac system, one first determines the
types of linac (DTL, CCDTL, CCL, etc.). If alinac uses
different rf structures, for example, one part of the linac
requires a different number of cavities between focusing
magnets then another, then we assign a new linac structure
for that portion of linac. Starting from the low-energy end
of the linac toward higher energy, up to 30 structures are
dlowed in an input file. The PARMILA code aso
caculates the beam-dynamics performance of the
designed linac.

Each line of the PARMILA input file starts with a
keyword, which in this paper we write in lower case
letters in double quotes. At the beginning of the input file,

we specify the global parameters on the “linac” Iine.l—|

PARMILA input file. At junction between structures, the
program keeps track of the ending state of beam
characteristics in the linac. For typical room-temperature
linacs, the inter-structure spacing is corrected so that the
particle enters next structure with a correct phase. While
the code designs the linac, it automatically creates a file of
TRACE 3-D [3] elements which can be used for beam
matching or optical element adjustment. For a multiple
structure run, the sequence of rf structures follow the
same order in the accelerator. Each structure is terminated
as specified by a cell number on the “structure” line. Also,
the particle distribution snapshots are stored in a file for
later viewing with the DTLPROC postprocessor.

: global parameters

|Readdist | or |Input : starting particle distribution

Structure 1 - first transport section up to
Transport the drift-tube linac
Quad
Drift ...

Structure 2 :DTL structure, including
DTL transit-time-factor tables
SFdata

Structure 3 : another transport section
Transport between the DTL and the
Ouad CCDTL
Drift ...

Structure 4 : CCDTL structure with its

Included parameters are: starting beam energy, bunch
frequency, beam current, the beam particle mass and
charge state. We specify whether the simulated patrticle

distribution is read from a file created by another COd%ructureS

CCDTL
SFdata

(e.g. PARMTEQ [2] or a previous PARMILA run) with a
“readdist” line, or if the distribution should be created
anew by PARMILA according to data on the “input” line.

After the global parameters for the whole linac are,StructureG

CCL
SFdata

specified, each rf structure type starts with a “structure”
line.
Figure 1 shows schematically the sections of a

CCL
SFdata

*This work sponsored by the Division of Materials

Sciences, US department of Energy, under contraktgure 1. Schematic of a typical PARMILA input file.

number DE-AC05-960R22464 with Lockheed Martin
Energy Research Corporation for Oak Ridge National
Laboratory.
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own transit-time-factor data

:first CCL dructure

: second CCL structure

: other structures, as needed
:end of the PARMILA run



structure, the user can specify the starting design phase , if
2 INDIVIDUAL STRUCTURES necessary.

The keyword “structure” identifies and delimits the
current linac structure. It includes the structure 4 CCDTL AND CCL STRUCTURE
identification number, particle-dynamics termination cell The “ccdtl”, or "ccl” line defines an rf structure of the
number, frequency of the linac and the frequency used feame name. Both lines include data that specify the design
the transit-time factors calculated by SUPERFISH [4]. Altermination energy, starting design phase angle, starting
the phase coordinates of the initial particle distributiogavity field &, number of drift tubes per cavity (for the
can be displaced by a specified amount if the rf module GCDTL), number cavities per segment, segment spacing,
driven by a separate power supply. Normally, one designefault quadrupole-lens parameters and other transverse
each linac structure one or more segments beyond tfeeusing lattice settings. Other input lines (“extquad,”
point where the beam-dynamics simulation endschange”) appearing after the “ccl” line or “ccdtl” line can
(Segments refer to contiguous sections of rf cavitie®e used to modify these default settings for specific rf
usually separated by focusing magnets.) This approachvities or magnets. There is considerable flexibility in
allows the code to calculate the distance betwedhe methods for defining the focusing magnet layout. For
structures correctly. This can be specified by a design eedample, singlet or doublet quadrupoles can be placed a
energy parameter. For a CCDTL or CCL, one can desidixed distance from the end of each cavity segment, or
linac segments either with individual cell lengthseach magnet location can be set individually. Also, their
proportional to particle velocitfic or with each segment positions can be gradually moved within successive
made of cavities of identical length. In the latter case, thmagnet spaces according to the beam velocity. The cavity
cell lengths are designed for a particle having the velocifield and amplitude can be set globally or automatically
Byc, where the subscript g stands for geometrical. ramped using the “setramp,” “eOramp,” and “phaseramp”

One may specify several rf structure types such dimes. If one wants to maintain a constant real estgfe E
“ccdtl”, “ccl”, “sc1”, and “sc2”. These keywords define (accelerating field averaged over a transverse focusing
parameters of a coupled-cavity drift-tube linac (CCDTL)period) across the segments, the “etfixed” line will
a conventional coupled-cavity linac (CCL), or twocompute the required acceleration.
particular types of superconducting cavity layout. For After quadrupole and rf cavity definitions in the input
each of these structure types, PARMILA requires one dite are the transit-time-factor tables. These tables list as a
more tables of transit-time-factor data headed by one fafnction of beam velocitc several integrals computed
the keywords “sfdata,” “sfdatae,” or “sfdataq.” The thredoy the SUPERFISH postprocessor SFO for a nhumber of
tables correspond to different boundary conditionsepresentative cavities. The “sfdata” table corresponds to
imposed upon the fields in the bore tube at the edge of tegmmetric cells, the “sfdatae” table is for cells at the edge
cavity. The “scheff” keyword (for_ space-atye efécts) of an internal cavity facing another cavity operated in the
specifies the initial space charge mesh size in each mfmode, and the “sfdataq” table is for cell at the end of a
structure section. Once the particle dynamics starts (afteegment where the electric field penetrates into the bore
a “begin” line), PARMILA adjusts the mesh sizetube. The presence of these tables completes the linac
automatically to fit the extent of the particle distributiondesign.

An “output” keyword directs the code to store particle Once the linac is designed, one can modify the
distribution snapshots at specified cell positions. Theperating phase, amplitude, or quadrupole settings for a
multiple structure run stops after encountering an “enddynamics calculation. The “linout” line writes details of
keyword. the designed linac to the output file. The “start” and

“stop” lines tell the program the cell numbers on which to
3 TRANSPORT STRUCTURE start and stop the beam-dynamics simulation. The

The “transport” structure type contains only beamoutput” line specifies cell numbers for storing beam
optical elements. The code does not design an rf cavigpapshots for later display by the DTLPROC
layout for this sections an input file. A file can contairPoStprocessor. If one simulates a well-matched 0-mA
several “transport” sections, for example to match theeam and saves the pseudo-particle coordinates at the
beam’s phase-space properties between accelerag§ihter of each quadrupole magnet of a FODO lattice or a
sections. The user specifies transport elements such dgdiblet lattice, the postprocessor DTLPROC can use the
“drift” and “quad” elements. After a “begin” keyword the data to ca_lculate the phase advance per focusing period
code does the beam dynamics simulation through tfong the linac.
specified optical elements. To assist designing the linac,

PARMILA includes the transport elements in the TRACE 5 SUPERCONDUCTING

3-D input file that it automatically creates for the entire STRUCTURES

linac. A PARMILA run can consists only of a transport The “scl” line defines a particular type of
structure to simulate the beam dynamics. For a “transposuperconducting linac structure, which is characterized by
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a missing segment at regular intervals. The “scl” linequal the design energy gain for the segment, and 2) the
includes number of cells per segment, missing segmesierage phase must equal the design phase. This iterative
interval, the energy gain per segment, the design empdocess is performed by a two-dimensional optimization
energy, design phase, segment separation and defaolitine in PARMILA. After calculating the amplitude of
qguadrupole settings. The “sc2” line defines af electric field applied on one segment, and the entry and
superconducting linac structure, which is characterized lilge exit phases of that segment, the code can compute the
groups of cavity segments with quadrupole magnets drive phase for the next cavity segment based upon the
between groups. The “sc2” line includes the energy gaifistance between segments and the difference between the
per segment, segment spacing, number of segmemtat phase of the upstream segment and the entry phase of
between quadrupoles, and the lattice type: either the downstream segment.

“singlet” lattice or “doublet” lattice. Like the room-

temperature structures, the quadrupole settings for both 7 SUMMARY

superconducting layouts can be customized by “extquad” Format of PARMILA code input file was upgraded.
lines. The transit-time-factor tables used in therne code can design and perform beam dynamics
superconducting cavities are calculated by thgimylation of multiple linac structures in a single run
SUPERFISH code for a number of beam partlcl%duding DTL, CCDTL, CCL, and superconducting
velocitiesfc for the cavities with an identical cell lengthinacs. Each linac structure is logically separated in the
Bgc/2. input file and the state of the beam at the end of each

structure is transferred automatically to next structure type

6 SUPERCONDUCTING LINAC in the beam-dynamics simulation. Currently, a
DESIGN ALGORITHM comprehensive PARMILA code documentation is in
There are important differences between conventiongteparation.

room-temperature linacs and superconducting (SC) proton
linacs now being proposed for some projects. In a SC 8 REFERENCES
linac of the type being designed for the Accelerato[rl] J. H. Billen et al. “A New Rf Structure for
Production of Tritium project, multiple segments driven * | iarmediate Velocity Particles,” Proceedings of the

by the same power supply deliver equal power to the 1994 | jnear Accelerator Conference (August 21-26,
beam. Thus, each equally powered segment gives the 1994 Tsukuba Japan).

same energy gain. Also, the segment spacing is fixed 185 kR crandall et al. RFQ Design Codes, Los
large portions of the linac. Many cavity segments have” Ajamos National Laboratory report LA-UR-96-1836
identical lengths so that only a few different cavity shapes (Revised May 20, 1998).

are manufactured for the entire linac. Unlike thjg] K. R. Crandall and D. P. Rusthoi, TRACE 3-D
conventional CCL, most cell lengths in the SC linac wil Documentation, Los Alamos National Laboratory
differ considerably fronA/2 (the distance traveled by a report LA-UR-97-886.

particle of velocityBc in one rf period). Instead of the 47 37 4. Billen and L.M. Young, “POISSON
usual phase difference of 180 degrees from cell to cell SUPERFISH,” Los Alamos National Laboratory

seen in a CCL, the phase changes may be tens of degreesreport LA-UR-96-1834 (Revised April 22, 1997).
larger or smaller than 180 degrees. By using active phase

shifters, the rf power for each SC cavity segment can be
driven independently. Within a segment, which consists of
a series of coupled cells operated in themode, the
relative rf phase between cells is fixed. Because of the
usual large bore diameter in SC cavities, the fields in the
end cavities extend out into the bore tube. This field
penetration results in an effective shift of the electrical
center from its geometrical center. The shift can be as
large as ~2 cm for a 700-MHz cavity. These phase shifts
are all included in the PARMILA code.

Because the lengths and positions of the of the SC linac
cavities are predetermined, the design of the linac in
PARMILA means finding the correct rf phase and the rf
power at which to operate each segment. Because of the
large phase slip from cell to cell, we trace a test particle
through each segment recording the center-of-gap phases
and energy gains of the particle. The code then requires
two conditions simultaneously: 1) the energy gain must
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COMPARISON OF BEAM SIMULATIONS WITH MEASUREMENTS
FOR A 1.25-MeV, CW RFQ’

H. Vernon Smith, Jr., Gerald O. Bolme, Joseph D. Sherman, Ralph R. Stevens, Jr.,
Lloyd M. Young, and Thomas J. Zaugg
Los Alamos National Laboratory, Los Alamos, NM 87545

Abstract 6.8-mm-diam ion sourcemitter, for anunneutralized
current |z = 1.825 mA, a = 0.411,3 = 0.215mm/mrad,
The Low-Energy DemonstratiorAccelerator (LEDA) and gy = 0.146 m mm mrad(Table 1). Using these
injector is testedusing the Chalk Riveidnjector Test TRACE parameters asSCHAR* [9] input, and scaling
Stand (CRITS)radio-frequency quadrupoléRFQ) as a them usingd,e, = 0gulEoa/Enend @NABrew = BoialEote/ Ened
diagnostic instrument. Fifty-keV, dc proton beams argives the measureg to within 0.1% after two iterations.
injected into the 1.25-MeV, CW RFQ and transported to Ehe resulting SCHAR-predicted input beam (Table 1) has
beamstop. Computer-simulation-code predictions of trg = 0.134 11 mm mrad. WherSCHAR transports the
expected beam performance are comparedith the beam parametersin Table 1 through the 2.1-m LEBT, the
measuredbeam currentsand beam profiles. Good approximatephase-spacshape at the 10% conto(fFig.
agreement is obtained between the measureraadtshe 1) and beam profile at the video diagnogkdy. 2) result.
simulations at the 75-mA design RFQ output current.  Although thebeam-profiledata in Fig. 2 were obtained
three days earliethan thephase-spacdata inFig. 1, the
1 INTRODUCTION source parameters were nearly identical for both data sets.

To test the LEDA injector [1linderoperating conditions, 1.0 1 TRACE and SCHAR input'theam parameters.
the ion-source extraction systemaikeredfrom a tetrode

at 75 keV to a triode at 50 keV [2]. The rest of the 2.54- B 3

m-long LEDA injector is about the same as it will be LTRACE (L =1.825mA)  SCHAR (l..= 1.825mA

when the initial tests of the LEDRFQ [3] are made. E =50 keV y = 3.095 x 10 m/s
We match the LEDAmicrowave-driven source ‘Hbeam @ = 0.411 ,=-0.4131

(50 keV, 70-100 mA, >90% Hfraction) to the CRITS [ =0.215 mm/mrad Xx= 4271 x 10 m
RFQ [4] using the two-solenoidgas-neutralized low- gy = 0.1461t mm mrad Viax = 6.117 x 16 m/s

energy beam transpaitEBT) [5] described inRef. [6].
Two steering-magnet paipgovidethe desiredbeam pos- 2.20E+04
ition andangle at the RFQ match pointBeam neutral-
ization of 95-99% occurs ithe LEBT residualhydrogen & o]
gas [7]. The RFQ accelerates the beam to 1.25 BlelVa -~
simple HEBT transports that beam to the beamstop. Thgg g.o4_|£10% contour
RFQ transmissiorand spatial profilesare measured as a 35 0 35
function of injected current and LEBT solenoid excitations X, cm

[2]. The expectedbeam performance is calculatedsing Fig. 1. The SCHAR-calculated phase_space (crosses) at
the computer codes TRACE [8] and SCHAR [9]nodel  the EMUOfor the LEDA prototype LEBT. The solid line
the LEBT [10], PARMTEQM [11] tomodelthe CRITS is the 10% phase-space contour measured with the EMU.
RFQ, and PARMELA [12] to model the HEBT.

2 INPUT PARAMETERS

The input H beam parameters adeterminedrom meas-
urements on the prototype LEDA injector (Fig. 3 of Ref.
1) using aprocedure described if10]. A beam with 90-
mA total current, proton fraction90% (H current >81 2 2 -
mA), rms normalizedemittancesy, = 0.1461T mm mrad, Y.cm o

anda = -0.546 an@ = 8.254 mm/mrad at 10%reshold Fig 2. Hydrogenbeam profile 42.9 cm from thsource

is measured at the emittance-measuring unit (EMU). g‘ga%\*&e%’gbgrgsyideo camera(line) and predicted by

Counts

Using TRACE [8] todrift the beam backlong that 2.1-
m long LEBT, from the EMU to the ion source, gives a3 LEDA LEBT SCHAR SIMULATIONS

predicted 6.98-mm-diam*Hbeam size, close to that of theThe LEBT (Fig. 3) is simulated with the non-linespace-
chargecomputercode SCHAR. Thesesimulations use a
D Work supported bythe US DOE,DefensePrograms. 4-volume distribution and the line mode with 999
* V= [2E/MC] Y%, 1, =-a/[1+0°Y% Xpa =[BE(6rMS)]?,
VX max = [y8(6rms)]l/2vo
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Fig. 3. The CRITS RFQ experiment beamline. The LEDA injector, ion source plus LEBT, is at the le@RIM&
RFQ is in thecenter,and the LEDA prototzpe ogive beamstop is at the right. The locations of theLBBI
solenoids 6Solen0|d #and Solenoid #2), RFQ exiguadrupolesinglet, three Bergoz dccurrent transformerg¢DC1,
DC2, and DC3), and three videocamera diagnostics (VD1, VD2, and VD3) are indicated.

lines. TheLEBT dimensionsare extractor to solenoid 1,
89.8 cm; solenoid 1 to solenoid 2138.4 cm; and
solenoid 2 toRFQ match point, 25.6 cm. Aeam
neutralization of 98.0% (& = 1.825 mA) is used.
SCHAR predicts noproton beam loss in théEBT.
Using SCHAR input files, PARMTEQMpredicts that
the best match to the RFQ (Fig. 4) is obtained fgy,B-
2100 Gand B, , = 3675 G, givingey = 0.169 T mm
mrad at the RFQ match point. The actug), Bsetting for
the measurements, 1940-2010 G, is close toSBeIAR
prediction whereas the actual,B setting, ~4000 G, is
10% higher than the SCHAR prediction. Theg, Bsetting
is underestimated becausetbé absence inthe SCHAR
model of the un-neutralized section of beam trangpsit
in front of the RFQ. Most of thesCHAR-calculated
emittance growth (26.2%) idue to spherical aberrations
in solenoid #1 (6.0%) and solenoid #2 (15.1%). mhe-
linear, space-charge-induceémittance growth is low
(3.4%).

To obtain the 75-mAdesignRFQ outputcurrentrequires
operating the proton source at1200 W microwave

power, 50% higher than used to obtain the SCHAR input
The result is a

parametergjiven in Table 1 (~800 W).
larger-diametebeam at VD1 (Fig. 5) than in thmase of
the prototype LEBT measurements.

74.4, and 68.5 kV for Cases 1-4, respectively [14]). The
predictedCRITS RFQ outputurrent for othemeasured
input beam currents [Jnd RFQ vane voltagesre given

in Table 2. The SCHAR inpytarameters in Table 1 for

a 90-mA bean{measurequst in front of the EMU) are
usedfor all of the simulationssummarized in Table 2.
Although RFQ outputcurrents of up tol00 mA were
measured2], we limit our analysis to just thoseases
that have a complete set of beam currents and profiles.

5 HEBT PARMELA SIMULATIONS

The PARMELA [12] model of the HEBT uses tRRITS
RFQ PARMTEQM output files foinput. PARMELA,

4.0 E+05

s

2.0 E+05
B 37

0 A

\V, ,mis

x

-2.0 E+05

-4.0 E+05 “

At the ~1200 W ST TN N

power level the measured beam profile at VD2 (152.6 cm

from the source) is also larger than SCHAR predicts.

4 CRITS RFQ PARMTEQM SIMULATIONS

The SCHAR output file isused to generate &,000
particle input beam for the PARMTEQM computade
to calculatethe RFQ transmissioand output €. The

proton fraction can be dsgh as 95% [13], but plasma

effects caused bybeam interactions with th&eam-pipe
walls [2] reduce the observeaiC2 current by~5%. These
effects offset eachother, so we use theneasured DC2
current forthe PARMTEQM input current.
(Case 2, Table 2) is transmission = 75.&8@ output €
= 0.2071t mm mrad(Fig. 6) for 97.5 mA inputbeam
current and known RFQ intervane voltage (70.4, 72.6,
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The result _.

. SCHAR-calculated
oint and the
mm mrad.

Fig. 4 hase space §crosses) at the
RFQ match Fé&xceptance (curve) at 90-
mA and 0.2

Counts

.4»3-2-101234
Y (cm)
Fig. 5. Measured Hydrogeheam profile at VD1 (42.9
cm from thesource) for case #2 ifable 2 compared
with the SCHAR fredlctlon calculated using the
Barame;ers in Table 1. Note tmerease inthe measured
eam size ovethat in Fig. 2 adiscussed irthe text.



i - R T T T the beam input parameters in Table 1 are not as accurate a

Lt ETIT et uul m&?‘&?_ i 5, - .
T S5 Ly S | seaee] b fem TG o D representation of the ~140 mA output beams (DC1) as
I . they are for the ~120 mA beams. Timeasured andode-
b N 3\%” . calculated RFQ transmissions are larger than those in [4]
N because othe steeringand focussing flexibility of the
B = - LEDA LEBT (Fig. 3), featuresmissing in the no-
ml L BN [ S N [ N (Y S L steering-magnet, single-solenoid LEBT employed in [4].
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Fig. 6. PARMTEQM-calculatedRFQ input (top) and
output (bottom) phase space for Case 2 (Table 2).

set up to transport ‘Hions, predicts the beam
transmission from the RFQ to the dc toroid (DC3Fig. b)
3), 57.5 cmdownstreanfrom the RFQ vanesand also

the x and y beam profiles at video diagnostic #3 (VD3 in
Fig. 3), 87.7 cmdownstreamfrom the RFQ,for the
known fields in the quadrupolesinglet, located7.8 cm
downstreamfrom the RFQ vanes. Table Ists the
PARMELA predictions (note that theredicted beam
loss between the RFQ and DC3 is small) along with the
measuredC3 currents. Figure 7 shows tipeedicted x
and y beam profiles at VD3 for Case #2.

Counts

Table 2.Results of the LEBT, RFQandHEBT simula- Y, cm

tions with SCHAR, PARMTEQM, and PARMELA,

respectively. The measured LEBT beam currents at DG, 7 pARMELA-predicted x (a)and b) beam
and DC2, the assumed PARMTEQM RFQ inputrent,  profiles (squares) and theeasured >(< %md bga$n)profiles
the PARMTEQM-predictedRFQ outputcurrent,and the (lines) at VD3 for Case #2.

PARMELA-calculated and the measured HEBT current at

DC3 are given in columns 2-7, respectively. REFERENCES

[1] J. Shermaret al, Rev. Sci. Instrum69 (1998) 1003-1008.
Meas. Meas. PARM- PARM- PAR-  Meas. [2] J. Shermanet al, “Development and TesResults ofthe Low

LEBT LEBT TEQM TEQM MELA HEBT Energy Demonstration Accelerator (LEDArotonInjector on a
current currentRFQ in RFQ out HEBT current Gl é-Zg-';]/leV CtVVIReg\il?l Er':eguFengy Qtt}adrupglg," this conf. .
. Schrageet al., * abrication and Engineering,” ibid.
Case (DC]') (DCZ) current  current Currer(DC3) [4] G. M. Arbique et al, Proc. 1992 LINAC Conf. (AECL-10728,
No. _mA_ mA_ mA mA  mA  mA_ November, 1992) 55-57.
1 123 94 94.4 70.33 69.95 74 [5] R. R. Stevens, Jr., “High-Current Negative-lon Be@nansport,”
2 124 98 97.5 73.18 73.16 76 AIP Conf. Proc. No. 287 (1994) 646-655.
3 123 96 96.0 75.11 74.96 75 [6] L. D. Hansboroughet al, “Mechanical Engineering for the
4 138 102 102.1 71.98 71.61 90 LEDA Low-Energy Beam Transport System,” to be published.

[7] R. Ferdinandet al, “Space-Charge Neutralization Measurement
of a 75-keV, 130-mA Hydrogen-lon Beam,” Pro®AC97

6 DISCUSSION (Vancouver, 12-16 May 1997), paper 6W010 (in press).
. [8] K. R. Crandall “TRACE: An Interactive Beam-Transport
There is good overall agreement betwedba measured Program,” Los Alamos Scientific Laboratory report LA-5332
beam currents and those predicted thxy simulations for (October, 1973).

the 3caseghat have measured HEBT currents near thel®] F;-r ggrgayg?Hsz]ed*":/ll-:' EJE JT?:ggSmd"TQ;Ssgg‘(?fégg%‘g%mer
75-mA CRITS RFQ deS|gn output current. These 3 [10] H. V. Smith, Jr.’et al, “Simulations of the LEDA LEBT H

cases are for the RFQ e).q'uadmpOlesmglet defocussing Beam,” Proc.PAC97 (Vancouver, 12-16 May 1997)paper
in x (Case 1), focusing in x (Case 2pdoff (Case 3). 6W022 (in press).
The best agreement between the predicted cuarehthe [11] K. R.Crandallet al, "RFQ Design Codes," Los Alamos National

; Laboratory report LA-UR-96-1836 (revised February 12, 1997).
measuredcurrent is Case 3, but the besagreement [12] L. M. Young, ‘PARMELA” Los Alamos  National

betweenthe pr_edlcte(jproflles and measu_reqbroﬂles 1S Laboratory report LA-UR-96-1835 (revised May 11, 1998).
Case 2 The simulation of the 90-mA .eX|.t beam from thei3] J. H. Kamperschroeret al, “Doppler-shift Proton Fraction
RFQ gives much lower beam transmission (DC2/DC3 =  Measurement on a CW Proton Injector,” this conf.

70%) than themeasuredvalue (88%). It is likely that [14] G- O.Bolmeet al, *Proton Beam Studies With a 1.25 MeV, CW
Radio Frequency Quadrupole LINAC,” ibid.
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STUDY OF COMPENSATION PROCESS OF ION BEAMS **

A. Jakob*, H. Klein, A. Lakatos, J. Pozimski, L. Wicke
Institut fir Angewandte Physik, University of Frankfurt, 60054 Frankfurt, Germany

Abstract
) o ) kinetic energy of the residual gas ions corresponds to the
For investigation of space charge compensation proce§sam notential at the point of production under the

dued tofrehS|dan g?s ionization and the experimentallysq,mption of negligible start energy. Hence the residual
Study of the rise of compensation, a Low Energy Beagl,s jons energy distribution contains all necessary

Transport (LEBT) system consisting of an ion source, tw formation about the radial distribution of the beam
solenoids, a decompensation electrode to generate

lsed d ted ion b d a di " ig@tential and thus about the degree of compensation [2].
pulsed decompensated 1on beam and a diagnosiic sec investigation of the space charge compensation
was set up. The potentials at the beam axis and the beﬁm

. . {ocess a time resolved residual gas energy analyser with
edge were ascertained from time resolved measurements
a\ Channeltron was used [3].

by a r_eS|duaI gas lon energy gpa!yzer. A numerica Calculated beam potential by self-consistent numerical

simulation of self-consistent equilibrium states of the. ; ; . :

beam plasma has been developed to determine plas rgulatlons [4] were compared with the potentials yielded
om the measured spectra. The combination of simulation

parameters which are difficult to measure directly. Th q t all the determinati £ all rel i
temporal development of the kinetic and potential ener measurement aflows the determination of all relevan
m plasma parameters [5].

of the compensation electrons has been analyzed by us
the numerically gained results of the simulation. To
investigate the compensation process the distribution and MEASUREMENT AND CALCULATION
the losses of the compensation electrons were studied as a
function of time. The acquired data show that thdime resolved measurements of ions repelled radially by
theoretical estimated rise time of space chargde beam potential passing an energy analyser [6] with an
compensation neglecting electron losses is shorter than tAgerted channeltron were done to investigate the rise time
build up time determined experimentally. To describe thef compensation of a periodically decompensated 10kV,
process of space charge compensation an interpretation3pfA DC He ion beam [7].
the achieved results is given. The simulation of the self-consistent equilibrium states
of the beam requires the temperature and the relative
1 INTRODUCTION density of the compensation electrons at the beam axis as
Space charge forces within ion beams lead to a notatf@rying free parameters and radial distribution of the
divergence of the beam ions and to a disadvantageou8fam ions as input data. A CCD-camera was used to
emittance growth. To enhance the maximum transportadi2vestigate the radial distribution of the beam ions by
current and reduce the increasing emittance during t@Serving the light emitted by the intersection of the beam
transport of the ion beams in a Low Energy BeariPns with the residual gas atoms (photon emission). In fig.
Transport (LEBT) line, it is essential to reduce the spack @ CCD-camera profile measurement I(x) of an 3.9 mA
charge forces. Therefore space charge compensationtif ion beam is shown, the corresponding density profile
positive beam ions by electrons [1], which are produce®(r) can be calculated via Abel inversion.
by residual gas ionization, enhance the maximum Significant advantages of this profile measurements in
transportable ion current. comparison to measurements by a flying wire beam
Measurements by use of a residual gas ion energyofile monitor [5] are the high time resolution and that
analyser based on the detection of residual gas ioH¥ CCD-camera is an undisturbing diagnostic instrument.
produced by the interaction between beam ions angerefore there is no disturbance of the equilibrium state
residual gas atoms. The produced residual gas ions &feth® compensated ion beam due to the production of
radial expelled by the beam potential. Therefore thgecondary electrons. In addition to the residual gas ion
energy analyser the CCD-camera was used to estimate the
* \Work supp. by BMFT under contract No. 06 OF g41fise time of compensation in the present experimental set
up.
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CCD-camera profile measurement Development of the electron line charge density
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Fig. 1: Beam profile measurements by a CCD-camer&ig. 25 Line charge density of compensation electrons and
The exposure time was 2.5 s. beam ions.

The minimum rise time of Compensatian can be Flg 3 shows the evolution of thelectron Charge
estimated by a simple expression [5, 8], which is valid foensity (CQx) during the compensation. The straight line
idealized conditions (cylinder symmetry, electron lossei§dicates the CPon the beam axis, the dashed line is the
neglected). Although the rise time of compensatiofDe at the beam edge. Fig. 3 clarify that the
determined by CCD-camera measurements are in go6@mpensation process continues over the estimated
agreement with the calculated minimum rise time ofinimum rise time of compensation of 220 ps. The
compensation the evaluation of the residual gas ion ener@jnimum rise time indicates the time, which is needed to
analyser measurements shows that the compensatiji@duce enough electrons (without consideration of
process is not finished at the minimum rise timé&lectron losses) to compensate the space charge of the
mentioned above. beam ions. With decreasing space charge forces during

The following figures illustrate results gained fromthe compensation the electron losses increases
measurements for a residual gas pressuresHBhPa, continuously until an equilibrium state of electron losses
accordingly the calculated minimum rise time ofand electron production is reached. The increasing
compensation is 220 ps. electron losses vyields to a prolongation of the

The determination of the plasma parameters, like tfgmpensation process up to 470 ps. Furthermore fig.3 and
temperature of the Compensation electrons (CE)' the |||ﬁlg 4 illustrate that redistribution processes are finished
charge density of the CE, the kinetic and potential enerd@t until 1000 ps.
of the CE by comparison of the simulation with the
measured data reacts sensitive to fluctuation of tt
measured record. Therefore the measured data are fit
mathematically to smooth fluctuations of the measure
data. The smoothed curves in the following figures sho
the appraisal of mathematically fitted measured data. &

Development of the electron charge density

2.0e-5

1.8e-5 - 470 ps‘
1.6e-5 : ECD on the beam axis
1.4e-5 -

Fig.2 shows the development of the electron line charg %1.2&5 1
density during the compensation process. The rise time El'oe's ]
compensation is determined by the intersection point «  §%%° |
the increasing electron (LG and the beam ion line 6.0e-6 1
charge denSity (LCQ) and is given by 470 ps. 4.0e-6 7 ‘ ECD at the beam edge

The rise time of compensation estimated by the residu 2.0e-6 1 T
gas ion energy measurements exceeds the minimum r 0.0e+0
time compensation by a factor of two due to electron
losses, which is not taken into account in the abov
mentioned theoretical estimation.

0 200 400 600 800 1000 1200 1400 1600
time [us]

Fig. 3. Development of the electron charge density.
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Fig. 4 shows the development of the kinetic (dotted 3 SUMMARY
line), potential (straight line) and total (dashed line)

energy line density of the CE. The kinetic energy . compensation processes of a periodically
decreases continuously due to the dominant effect BEcompensated 10 keV DC Hédon beam has been
decreasing temperature. The electron temperatuﬁ’?vestigated by usage of a time resolved ion energy

decreases due to cooling processes by losses of "h%tf;ectrometer with installed channeltron. By application of

electrons. The maximum of the kinetic energy curve ah appraisal procedure of time resolved measurements
320 us, represented in an antecedent presentation [ébing self-consistent calculations the rise time of

which has not cleared till then, is an effect of the abov@ompensation can be determined. A derivation by a factor

mentioned fluctuations of the measured data. A NeW o was found between the experimentally detected rise
execution of the represented appraisal with smoothggd o compensation and the minimum rise time
measured records do not show this maximum. calculated for idealized conditions. The rise time of

From 80 ps on the potential energy exceeds the kinelighensation was experimentally determined and has a
energy, hence the compensation electrons are trappeokléﬂue of 470 ps.

the beam potential, this shows that the used theory and, e fyture work the time resolved residual gas ions

simulation is valid. Up to the maximum at 220 s the,easrements will perform on a pulsed ion beam, instead
potential energy increases, due to accumulation a pulsed decompensated ion beam. For this

produced compensation electrons in the beam potentigl,estigation the gas discharge of the ion source will be
then electron losses and the decrease of the beam poterﬁmged directly.

causes the progression of the energy. All three curves
saturate after 1200 ps, then all red!s:trlputlon-, production- REFERENCES
and loss-processes reach an equilibrium state. The total

h learly, that th ill . .
curves shows: clearly, t.at the energy stilldecreas 1] A.F.T. Holmes, “Theoretical and experimental study
although the compensation process is complete. T of space charge in intense ion beams”, Phys. Rev. A.

effect is attributed to the above mentioned cooling process 19 1979, pp.389
and redistribution within the ion beam, without a furthef2] J. Pozimski et.al., “Determinarion of Electron
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E Resolving lon Energy Spectrometer for Investigation
2 Loesz | . total energy of Space Charge Compensated Pulsed lon Beams”,
- N ANNUAL REPORT 1993, GSI-94-10 REPORT,
B s.0e+11 N June 1994, pp.36 _ '
S S potential energy| [4] J. Pozimski et.al., “Numerical calculations of charge
O oot | | e S density distributions in space charge compensated ion
£ ’ 470 ps / T beams”, ANNUAL REPORT 1992, GSI-93-17
2 a0ent | ; ST REPORT, Darmstadt, GER., May 1993, pp.38-40
5 ; kinetic energy [6] A. Jakob etal., “Investigation of the Rise of
& 2.0e+11 - ‘ M Compensation of High Perveance lon Beams Using a
‘ 1 Time Resolving lon Energy Spectrometer”, Proc.
0.0e+0 . ‘ ‘ ‘ ‘ ‘ : : Sixth European Accelerator Conference, EPAC’98,
0 200 400 600 800 1000 1200 1400 1600 Stockholm, 22-26 June 1998
time [us] [6] P. Bryce, r. Dalglich, J.C. Kelly, “The 127°

Electrostatic  Analysor:  Performance as a
Spectrometer”, Can. J. Phys. 51, CAN., 1971, pp.574
K. Reidelbach, et al., ANNUAL REPORT 1994,

9. 4 | ineticl7]
Fig. 4: Comparison of the development of kinetic/ GSI-95-06 REPORT, Darmstadt, GER., May 1995,

potential and total energy line density of the CE. The p.31
kinetic energy has a maximum at 220 ps. After 470 us thg] p.K. Janev, W.D.Langer, K.Evans Jr., De Post Jr.,
compensation process is completed, after 1200 ps the “Elementary processes in hydrogen-helium-plasmas”,
development of the kinetic, potential and total energy line Springer, Berlin, HeidelbergGER. ,1987

density saturates.
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DESIGN, ANALYSIS AND TESTING OF A HIGH THERMAL CONDUCTIVITY
WAVEGUIDE WINDOW FOR USE IN A FREE ELECTRON LASER *

T. Schultheiss, V. Christina, M. Cole, J. Rathke, Q. Shu**,
Northrop Grumman Corp, Bethpage, NY.

T. Elliott, V. Nguyen, L. Phillips, J. Preble, Jefferson Lab, Newport News, Va.

Abstract

Design, Analysis and testing of a waveguide window
with a goal of propagatinggreater than 100 kW average
power operating at 1500 Mhz has been performed. This
is made possible by the favorable material properties of
Beryllia (BeO). Brazing the window to a soft copper
frame and then brazing the frame to a KOVAR flange
provides the vacuum seal. RF analysis combined with
thermal/structural analysi s shows the benefits of the
material. TheKOVARflangewith a CTE, coefficient of
thermal expansion, that matches that of BeO enables a
strong braze joint. RF testing to 35 kW has been
successful, and higher powerswill be tested in the near
future. The basics of this design can be expanded to
applications with lower frequencies and higher average

power.

1 INTRODUCTION

The Free Electron Laser Facility being developed at
Jefferson Lab requires much higher RF power throughput
than is needed for their main facility. Much of the
accelerator technology for the free electron laser is taken
from the main facility which uses a two window design.
The window design fa the FEL consists of a room
temperature warm window and a2K cold window like the
main facility. The warm window design from the main
facility does not work a the power levels required for the
FEL, therefore, Jefferson Lab initiated the development of
a warm window using the cold window design as a
baseline. In a corroborating effort, Northrop Grumman
began devel oping a backup warm window design to enable
greater than 100 KW average power operating at 1500
Mhz. The design was developed as a direct replacement in
the FEL warm window location.

2 MECHANICAL DESIGN

The design evolved with the primary consideration to
develop a backup warm window that would fit in the
TINAF envelope Preliminary comparisons between
alumina and beryllia windows showed that for standard
gradematerial the high thermal conductivity of beryllia,

shown in Table 1, resulted in low thermal gradients, and
therefore low thermal stress within the window.

Table 1: Comparison of Therma Conductivity’s at 25C

Material W/mK
Copper 380
Beryllia 300
SiC 270
AIN 240
Al 230
Mo 140
Alumina 20

To match the thermal expansion of beryllia, KOVAR
was chosen as the flange material , minimizing thermal
stresses in the beryllia during the braze cycle A thin
OFHC copper frame, .010 inches thick, between the
beryllia window and the relatively tiff flange was added
for strain relief. High thermal conductivity of the copper
is also a benefit. Figure 1, shows a solid model of the
window, the copper frame and the KOVAR flange. The
KOVAR flange included a copper plating for high
electrical conductivity.

The preferred BeO window geometry was an ‘off the
shelf’ fla piece of Thermalox 995, .100 inches thick,
from Brush Wellman. Tkhe thickness was chosen to keep
the stress due to pressure low while using a stock size of
standard grade material, ensuring repeatable material
properties. Presently there is no multipacting coating on
the window.

Copper frame

Kovar flange

BeO RF window

Figure 1: BeO RF Window, Flange and Frame

* Work supported by CRADA between NGC and Thomas Jefferson National Accelerator Facility SURA 95-S003 CRADA

** Q. Shunow at AMAC, LLC, Newport News Va.
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3 BRAZE PROCESS

A two step braze process was used, first the copper
frame was brazed to the BeO window then the copper
frame was brazed to the KOVAR flange. The following
steps were used to attach the frame to the BeO window:

- Molymanganese metallization 1/4” wide around the
surface to be brazed. Silk screen technique was used then
fired at 1450 C.

- Nickel plate metallized area then sinter at 1000 C

- Nicoro ribbon is used with a (apprx. 15 Ib.) weight
on fixture brazed at 1050 C

- A nioro wire (20 mil O.D.) braze around the outer
edge between the BeO and copper and fired a 970 C

- Helium leak check 1x 10-8 std cc/sec

- Light blasting was done with auminum oxide
particles

The second step of the process was to braze the copper
frame to the KOVAR flange.

- Incusil-10 wire in a vacuum braze oven and fired to
750 C

- Mask the copper plated KOVAR and apply a light
blasting with aluminum oxide particles to clean beryllia
surface

4 RF DESIGN

RF analysis was used to determine the S parameters for
the structure and to optimize the structure within the
requirements set by the envelope and mechanical design.
Table 2 compares the electrical properties of BeO with
other standard grade candidate materials.

Table 2: Comparison of Electrical Properties

Material Dielectric Loss Tangent
Const
(IMH2)
Beryllia
(Thermalox 995) 6.7 .0003
AIN 9.0-10.0
Alumina 9.0 .0003

To optimize the structure with a .100 inch thick BeO
window, metal “wings’ forming an iris were added to the
flange. These wings were added to both sides of the
window as shown in figure 2. Results for wings on just
one side were not acceptable. The following MAFIA RF
analysis results were obtained for a wing width of .750",
and awing thickness of .100".

Table 3: S Parameter Results

S11 S11 S21 S21
amplitude phase amplitude phase
.0066 87.30 .99956 -2.740

IRIS ngs
£ coaoeohb 90 9
¢\ (' ,

6 060000000 o
[ e WYRYDOGIG ¥
N J1°
. | ; »
'0- -

- - - / -

IRIS,” Wings

Figure 2: RF window and Iris(’wings’) and flange

After this configuration was selected, the power
deposited into the ceramic and the fields in the waveguide
were calculated. Contours of the heat deposited in the
window are shown in figure 3 after scaling to a loss
tangent of .0003 and 100 kW of through power.

Loss Tangent .0003

70 W/in3

100 kW Power through

5.288 -6 35.

Figure 3: Heat loss contours determined by MAFIA

5 THERMAL ANALYSIS

The power loss distribution cdculated in MAFIA was
then mapped into an ANSY Sfinite element model. This
model was used to determine thermal gradients and
stresses in the window. Figure 4 shows the resulting
temperature contours in the window, the frame, and the
flange. On the edge of the flange a boundary temperature
of 20C was set. The results show very small gradientsin
the window and a temperature rise of 29C between the
window and the flange edge. These small therma
gradients result in small stress in the window.
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Edge set to 20C

Kovar flange Copper frame

20
23259
8 26518
B 29777
= 2%
— 39.555
42.814
46,073
49.332
BeO RF window
Figure 4: Temperature contours from ANSY S
6 RF TESTS

Thomas Jefferson National Accelerator Facility

(TINAF) provided the facility and manpower to test the
window. Figure 5 shows the layout of the high power
test. The space between the PN0O01 JLAB window and the
BeO test window was evecuated by a 160 |/s Vac-lon
pump while the waveguide between the BeO window and
the load was at atmospheric pressure. The window
flanges were water cooled. The baseline pressure prior to
testing was 1.4x10-9 torr. Temperatures at different
locations of the waveguide and window flanges were
monitored by thermocouples. Temperature of the BeO
ceramic was measured by an infrared thermometer through
aviewing port on the waveguide elbow. The waveguide
between the two windows was equipped with a pick-up
probe to monitor the electron current. A vacuum
interlock and an arc detector interlock were used to prevent
a catastrophic destruction of the ceramic. During the test,
the incident and reflected powers, the vacuum pressure, the
electron current, the temperature of the BeO ceramic and
the temperatures of the window flanges were continuously
monitored and recorded.

Load
——
Jab Window BeO Window
3BkW I
klystron ;I
RAYTEK
Vac-lon Thermometer
Pump

Figure 5: RF window test set up

Prior to applying high CW power, the windows were
first submitted to high pulsed power (pulse length .01 ms
- .1 ms, with arepetition rate of 100 Hz). Table 3 shows
the temperature rise of the BeO ceramic as the power is
increased. The temperature of the ceramic at zero power

was 28C. The vacuum pressure increased to 9.4x10-8 torr
at 35 kW and no electron current was detected.

Table 4. Temperature Rise In BeO Ceramic

Power (kW) BeO Temp T(BeO)-27.7

C AT C

0 271.7 0

5.04 35 7.3

10.1 40.8 13.1

15.1 45.7 18

20.2 51.2 23.5

25.2 58.2 30.5

35 70.9 43.2

The temperature rise between the coolant and the BeO
window was much higher than expected from analysis.
This could be from high losses in the braze materia
and/or poor thermal contact between the coolant line and
the flange. This will be looked a more closely as
additional testsare run.

7 CONCLUSIONS

Analysis shows that for the expected power lost in the
window the goal of 100 kW of through power at 1500
Mhz is achievable. The high thermal conductivity of BeO
results in low thermal gradients within the ceramic.
Further tests are planned for 50 kW of through power.
Modifications to the design which would include coolant
nearer the ceramic would ensure lower ceramic
temperatures. BeO as an RF window materia shows
promise based on the analysis and tests to date.
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Abstract set of four manifolds which are located along the

) ) ] ) circumference of the accelerator structure.
A redesign of the basic cell configuration of the Damped |, order to obtain the maximum efficiency of

Detuned Structure has been briefly reported in [1] Wheri?lteraction, the shunt impedance is required to be

the cells are referred to as ellipsoidal cavities, angayimised. The shunt impedance, iR defined in terms
accelerator structures incorporating them are designatgfl 1o potential across the structure V and, the power
DDS 5 and DDS 6. This new structure type has be?ﬂssipated within the structure. P

* d

renamed RDDS 1, and the first of this series, RDDS 1, is )
presently under design and fabrication. The carefully R =IVI" 1Py

sculpted cell profile (fabricated on computer controlledn our current design, we maximise the /@ =
lathes at KEK incorporating diamond point machining)V[/(2wU,), wherew is the angular resonance frequency
provides a 20% increase in shunt impedance which, whand U is the energy stored within the electric fields, so
combined with other parameters, allows for a dramatihat we obtain a value that is 10% larger than that
reduction in the RF power required for the NLC (Nexobtained over a set of pillbox cavities and, we enhance
Linear Collider). The detuning profile, damping manifoldthe Q value by 10%, both achieved by carefully shaping
taper, and the cell to manifold coupling contant profildhe contours of the irises and cavities. This together with
have all been carefully optimised so as to perm@ larger kI_ystron. pglse length, led to our initial design for
decoupling the cells at the ends of the structure from tEPDS with elliptical features having a 30% more
manifolds while still adequately minimising the efficient source-to-beam, or “wall plug”, efficiency.  In
transverse wake. The decoupling is required in order {B'S design the averagerawas approximately 0.171 (a

fit adequately matched terminations into the structur €ing the radius of a particular iris). However, short

The single structure analysis has been supplemented wi'9e wakefield considerations has led to the iris being

. ) - widened considerably in order to reduce the wake and,
studies of wake degradation arising from systemati

) 0 o o
fabrication errors and wake improvement obtained bt?ns leads to a 6% degradation in the overall efficiency.

bini itold d ) ith structure interleavi this design the averagela/is approximately 0.18.
combining manifold damping with structure interieaving. ¢, thermore, our initial design incorporated elliptically

1 INTRODUCTION shaped cavities and irises. However, driven by
mechanical engineering considerations, all shapes have

In the design of the NLC (Next Linear Collider) the hearbeen made circular. This reduces the efficiency by 1% or
of the system will consist of 4,752 X-band acceleratogso, and at the same time it facilitates more rapid
structures, each indiviual structure being 1.8025m imerification between the specified design and the
length. Any misalignment in the structure, or transverstabricated cell.
motion of the structure over time, or beam misalignment Here we calculate the wakefield for the accelerator
from the electrical center of the structure will give rise tavith a 30% improvement in efficiency the elliptical
a transverse wakefield which will result in the beam bein@DDS and, the RDDS with circular cells and cavities,
kicked off axis and can lead to a beam break uwhich has an efficiency enhancement of approximately
instability (as originally observed on the Stanford Linea20%.
Collider). In order to mitigate these effects, which may
seriously degrade the beam emmitance, and hence reduc% WAKEFIELDS FOR CIRCULAR AND
the luminosity of the beam, the transverse wakefield must ELLIPTICAL RDDS

be carefully controlled and damped. The methogpe \yakefield in each 206 cell structure cannot be

described herein, incorporates both detuning by gentiyymnted accurately, with a finite difference or finite
tapering the iris parameters such that they follow an Eficment code as at present the memory and time

function distribution and, damping the long range wakgaqirements required to run the code are prohibitive and
field, by coupling the wakefield out of the structure 0 gy,,5 \ve utilise a circuit model [3] and spectral function
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Figure 1: The spectral function and its integral for RDDS _ ._. s(m)

an initial design. The uppermost is the spectral function for a

structure with perfectly matched HOM (Higher Order Mode)rigure 2: The wake function and its integral for RDDS 1. All
couplers and all cells coupled. The second is for series of thiakes are the counterparts of the spectral functions given in fig.
interleaved structures in which the synchronous frequency 8 The dots are located at the bunch locations. One
each structure differs form its neighbor by 3.8 MHz. The third//pC/mm/m is indicated as beam emmitance considerations
curve is for the case of three interleaved structures with six cefiéctate that the transverse wake function, at the bunch locations,
decoupled and a HOM load with a VSWR of 1.05. The fourtinay not be larger than this value. The lowetmost curve is for
is for the most up-to-date design, RDDS1 with circulaRDDS1 with cicular features to the irises and cavities. The load
contours. has is assumed to have a VSWR = 1.
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method [2] expressly developed for this purpose. The However, this significant modulation has little effect
model we use assigns 9 parameters to each cell and thisthe long-range wake function (Fig. 6). Although, for
allows the dipole band of the brillioun diagram to behe first few bunches the wake field is slightly enhanced,
accurately described. The structure geometricdl is a very small effect. We also consider random errors
parameters have been designed to vary slowly in amd, for a Gaussian spread in the synchronous frequencies
adiabatic manner and thus we interpolate between, 5 ceNith a o of 10° (corresponding to approximately 1.5

to obtain the behavior of all 206 cells. The model we uddHz) the wakefield is largely unaffected.

incorporates many features present in the real structure as
fabricated, viz., the non-perfect terminations of the
manifolds in the higher mode loads and, the details of tt
coupling of the cells to the manifold (the modal
composition of the accelerator is mainly TE at the lov
energy end and, it becomes progressively more TI
towards the higher end of the structure). The spectru
function for a single elliptical structure is calculated an
the coupling of the manifold to the structure is carefully
optimised. The result of a final optimisation for the
design with an &/ = 0.171 is shown in Fig.1 for perfectly
matched HOM couplers (higher order mode) and th Frequency (GHz)

wakefield corresponding to this spectral function isrigure 3: Spectral function for RDDS1 with all cells coupled
shown in Fig. 2. By interleaving the structures withand a perfectly matched HOM coupler. A systematic error in
structures whose central frequency is slightly shifted frorthe fabrication is assumed to occur leading to a sinusoidal
their neighbours the wakefield is forced to decoherperturbation in the cell dimensions and the synchronous
successively more so than a single structure. In Fig. 1 tfig@guencies.  The synchronous frequency perturbation has
spectral function is shown for three structures whos@mplitude of 2 MHz.

central dipole synchronous cell frequencies differ by 2 2
MHz from their neighbours, both with match
terminations to higher mode couplers and w
terminations with a VSWR of 1.05 and with six ce
decoupled either end of the accelerator structure.

The magnitude of the oscillations imposed on
spectral function is seen to be significantly reduc
particularly in the upper end of the spectral function. A
the wakefield is seen to be 3 times smaller in the regi
to 30 m or so. Furthermore, the system is consider
stablised with respect to oscillations in the spec
function, on decoupling the last few cells. The |
lowermost curve in Fig. 1 corresponds to the present
RDDS with circularly shaped irises and cells. Thédigure 4: Wake function including the effects of a systematic
spectral function corresponding to this latest design, ]‘gbrlcanon error which r_esults in a sinusiodal deviation in the

. . . . . synchronous frequency in the middle of the frequency band of
shown lowermost in Fig. 1. In this design, all elllpse§he structure. Shown inset is the short-range wake in the range
have an eccentricity of 1 and the VSWR =1 of all loads ila to 2m. '
this preliminary realisation.
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Abstract

The fabrication technology of the high gradient
superconducting(sc) cavities has been made much progress
in the last 10 years. As a next issue, one has to develop a
horizontal assembly method of sc cavities which makes
no performance degradation in order to exhibit the
excellence in the accelerator. Among many candidates of
the cause with the degradation, here, the influence of
breaking cavity vacuum after the vertical test and indium
contamination effect are investigated.

1 INTRODUCTION

By the R&D of high gradient sc niobium cavities done
at KEK so far, its technology level has come to the high
gradient of 30 - 40 MV/m. Our next R&D target is to
realize the excellence in the horizontal cryomodule.
Performance of the sc cavity is very sensitive to the
surface contamination, so generally speaking it is hard to
reproduce the performance of the vertical test in a real
accelerator. Really in the TRISTAN sc project, we
observed a degradation in both Q value and the maximum
accelerating gradient (Eacc,max) by the horizontal
assembly. If the same degradation happens in the future
advanced sc applications, the effect is very serious because
the machines will be operated at 2K. The study of
assembly method of cryomodule is an essential R&D
issue.

2 HORIZONTAL ASSEMBLY

2.1 Horizontal assembly

In the TRISTAN sc project, after the vertical test of
individual cavities, the cavity vacuum was broken
introducing pure(6-N) and particle free ( > 0.01 um)
nitrogen gas into the cavity for one night, then end
flanges at the beam tubes were opened in the class 100
clean room and the remained scraps of indium used for the
vacuum sealing on the flanges were carefully cleaned up.
Two cavities were paired at the end flange of the beam
tube with indium seal again. Blanket extension tubes
were joined to each cavity at the other beam tube. After
that, blanket flanges on the HOM ports were taken off and
cleaned up indium scraps on the ports, then put on HOM
couplers on them. The paired cavities were installed in the
helium vessel of the horizontal cryostat outside of the
clean room, then input couplers were put on the each port
under a clean environment which was produced by a
portable small clean booth. While this work, nitrogen gas
was flowed the pair to prevent particle contamination from
the outside. Then all the parts were assembled on the
cryostat.

2.2 Degradation of cavity performance

After the horizontal assembly, the cavity pair was
evacuated and cold tested. The unloaded Q value (Qo) was
scattered after the horizontal tests and degraded in average
as. 2.7 x 109 (vertical)O 1.7 x 109 (horizontal).
This means that a surface resistance of 60 nQ was added.
Eacc,max Was a'so decreased as.
10 MV/m (vertical)dd 7 MV/m (horizontal ).
However, the cavity performance in the accelerator did not
change from the horizontal test.

2.3 Possible causes for the degradation

The degradation happens in the future application of sc
cavities like a sc proton linac or TESLA, the influence is
very serious. For instance, JAERI is considering a sc
proton linac (600 MHZz) for an intensive neutron source
for the neutron science and nuclear waste transmutation.
For this machine, electric power efficiency in the
operation is an important issue, therefore 2 K operation
will be applied. In this case the typical surface resistance
of the cavities is about 10 nQ. Adding 60 nQ by the
horizontal assembly, Qo value takes a figure down so that
there is no meaning of the 2 K operation. The field
degradation is also very serious for the machine. It isto be
operated at Ep = 16 MV/m (surface peak field). The field
limitation of 7 MV/m corresponds to 14 MV/m in Ep.
There is no way for the operation.

One has to take a cure to prevent the degradation if he
use the same assembly procedure. The possible causes of
the degradation will be followings: 1) influence of
breaking cavity vacuum, in other words particle
contamination, or oxidation of niobium surface while the
horizontal assembly, 2) indium contamination, 3)
absorption gas, 4) contamination problem from RF
accessories like input coupler or HOM couplers, 5) field
emission, 6) multipacting so on. In this paper we
investigate qualitatively used L-band single cell cavities
with higher sensitivity on the issues 1) and 2) among
these candidates.

3 INFLUENCE OF BREAKING
CAVITY VACUUM

3.1 Effect of introducing N2 gas

A concerning of breaking cavity vacuum is the particle
contamination from the vacuum system or in the used N»
gas. As a result the residual surface resistance (Rres)
might increase or field emission happens. The faster N2
gas flow may bring the more particles into the cavity. In
this experiment, flow rate of nitrogen gas was changed
from 1.5 cc/min. to 900 cc/min. We used the vacuum
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evacuation system presented in figure 1. The flow rate is
adjusted by the valve(V2). Particles bigger than 0.01 pum
size in the gas are eliminated by the final filter. By the
particle counter measurement, manipulating of the final
valve V2 produces particles, so it has to be handled
carefully. The vacuum pressure of the sealed cavity is
worse than 2-3 x 1073 torr after the cold test (' while cold
testing the cavity vacuum is also sealed.). Prior to open
the cavity valve V6, the space between V1 and V6 is
evacuated to less than 1.5 x 1072 torr, then V6 is opened.
By opening V4 very carefully, it is checked whether the
cavity was fully filled with N gas. Vacuum evacuation

N2
Gas Filter (0.01 pm)
— avity
Inlet valve (V1) Outlet valve \(/\a/J‘\S/)e
—O_O_

RP

Figure 1: The used vacuum system for N2 gas leak.

was started as soon as it was filled. Typical results of
breaking cavity vacuum are shown in figure 2 on residual
surface resistance and in figure 3 on field gradients. The
summary is presented in Table 1. The concerned increase
of Rresis not observed in the measurement error up to the
flow rate of 900 cc/min. A clear field emission was
observed from 20 MV/m at the flow rate 5 cc/min. but the
other cases were not significant. That might be a mistake
in manipulating the valves. Eacc,max decreases alittle : 8

surface to be exposed to the air. In this case, oxidation of
niobium surface is concerned. A cavity once exposed to
nitrogen gas in the experiment of 3.1 was exposed to the
air by the same method as 3.1 for one day to one week
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Figure 2: Effect on Rres with N2 leak.
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Figure 3: Effect on the Eacc with N2 leak.
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Table 2: Summary of the effect of air exposure.

- 18%. This influence are too small to explain the Exposed Rres Eacc,max F.E. onset
degradation in the TRISTAN horizontal assembly. time [nQ] [MV/m] fidd
Table 1: Summary of influence of breaking cavity vacuum [MV/m]
with N2 gas. 0 _ 7.4 32.4 29
——— = AT < 45 min. 8.3 34.2 29
. Rres [nQ] aomax | 5 aace 1d 125 32.2 23
N2 [co/min] | pefore/ after | [MV/m] 25 MV/m Yy : :
(difference) | before/ after | before / after 3days 12.3 28.9 23
(difference) 7 days 16.2 28.0 22
1.5 140/ 113 | 313/ 318 No/ No
(2.7 (+2%) , , L
5.0 77748 1 3637 29.7 NO/ Yos without disassembly. The results are summarized in Table
(-2.9) (-18%) from Eacc = 20 2. Only introducing the air into the cavity has no
21.5 77772 203 ] 34.2 No/ No influence on Rres and Eacc,max but the exposure for one
(-0.5) (-15%) week produces the additional Rres of 8 nQ and reduces the
120 12.1/ 144 | 30.9 /28.4 No/ No gradient by 9 % dueto field emission. The onset point of
(+2.3) (-8%) field emission becomes lower with increased air exposure
900 54174 318/ 324 No/No time. The exposure time of one day is enough for the
(+2.0) (+2%) horizontal assembly procedure. The resultant Rres of 5.1

3.2 Influence of air exposure
Even nitrogen gas was flowed into the cavity while the
horizontal assembly, there is a chance for the cavity inner

nQ and Eacc,max reduction of 0 % are too small to
explain the degradation in the horizontal assembly.
Especially the additional Rres is out of sight in the
measurement error at 4.2 K because BCS surface
resistance (100 nQ at 500 MHz) is dominate in this
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temperature, however, this additional Rresis very serious
in the 2 K operation. It reduces the Qo value to about one
half. Some cure might be need for this degradation with
the 2 K operation.

4 INFLUENCE OF INDIUM
CONTAMINATION

KEK has used indium wires or ribbons for the vacuum
sealing of sc cavities. It has a high reliability but has a
contamination problem by its scraps in disassembly. An
experiment to see qualitatively the influence was carried
out at CEBAF using a 1.5 GHz single cell cavity. In this
experiment a flat indium fragment was attached
intentionally on the cavity inner surface at the place 25
mm inside from the iris. The size was changed by four
kinds : 35, 1.5, 0.5 mm2 and no indium. After every
measurement, the cavity was disassembled, soaked with
nitric acid to eliminate the indium, then taken BCP(1:1:1)
with a 30 um material removal. The indium fragment was
attached in the class 100 clean room after the surface
treatment. The results are presented in figure 4 with the
Eacc vs. Qo, in figure 5 on Rres and in figure 6 on the
Eacc,max. Indium produces a big influence on both Rres
and Egce max- The additional Rres and reduction of the
Eacc,max With the indium size (S; mm?) are estimated
from this experiment as follows:

A Rres (1.5GHz) =1.12 uQ/mm?2 (D),

A Eacclmax =1- eXp(-S/l?S) . (2)

The thermal valance between a heating at the indium
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Figure 4: Indium size effect on Qo and Eacc,max.
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Figure 5: Increased surface resistance with indium
size.
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Figure 6: Limitation of field gradient with indium size.

fragment and the thermal conductivity of niobium
determines the Egcc max. Therefore the Eggec max does not
depend on the frequency of the microwave. On the other
hand, the sensitivity of the additional Rres of the eq. (1)
depends on the rf frequency. For instance, from the
definition and the scaling of rf frequency Qo value of 0.5
GHz cavity is presented by the Qo of 1.5 GHz cavity for
the same Eacc as following:

QO(O5GHZ) = 0)1.5U1‘5/(PC1_5 + 1/9P|0$(|nd|um))
Here, U is a stored energy in the cavity, w the angular
velocity of microwave, Pc the intrinsic wall loss of the
cavity, and Ploss(indium) the heating power at the
indium. The 0.5 GHz cavity has the larger surface 9 times
than the 1.5 GHz cavity, so the indium effect becomes
small relatively to 1/9. Addition to it, the TRISTAN sc
cavity isa 5 cell structure. The indium effect of eq. (1)
should be changed for the TRISTAN st cavities asfollows:

A Rres(0.5GHz) = 1.12/(9x5) pQ/mm?2,
=25 nQ/mm? (3).

Suppose the reduction of 30% in Eacc,max by the
TRISTAN horizontal assembly comes from the indium
contamination, the size is about 0.6 mm?2 from eqg. (2).
Even if such an indium or scraps entered the cavity during
cleaning the cavity flanges in the assembly work, it is
not strange. The indium adds an additional Rres of 15 nQ
from eq. (3) and finally brings to field emission as
presumed from figure 4 (A and O ). A possible
explanation of the performance degradation in the
TRISTAN horizontal assembly is the indium
contamination and the resultant field emission.

5 SUMMARY

Among possible causes of the cavity performance
degradation in the TRISTAN horizontal assembly, the
influence of breaking cavity vacuum and the effect of
indium contamination are investigated. The former is not
guilty with the 4.2 K operation but some cure is needed
for the 2 K operation. The later has a serious effect on
both Qo and field gradient. The degradation can be
explained the indium contamination with the size about
0.6 mm2, however, the other possibility should be
investigated like contamination from cavity accessories or
multipacting. The research program is now under going at
KEK.
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SIMULATION OF HIGH-AVERAGE POWER WINDOWS
FOR ACCELERATOR PRODUCTION OF TRITIUM*

L. D. Daily, C. C. Shang, C. M. Gooch, D. J. Mayhall, S. D. Nelson
Lawrence Livermore National Laboratory, Livermore, California 94551 USA
K. A. Cummings
Los Alamos National Laboratory, Los Alamos , New Mexico 87545 USA
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NASA Lewis Research Center, Cleveland, Ohio 44135 USA

Abstract and wear properties than conventional structural materials,
the output of the continuum, thermomechanidghite
Development of a robust, high-average-power (210 kVElement Analysis (FEA) will becoupled to aWeibull
CW) microwave transmission line system for thestatistics code. Weibull analysis is performed with
Accelerator Production of Tritum (APT) facility is a CARES (Ceramic AnalysiandReliability Evaluation of
stringent engineeringnd operational requirement. One Structures) [1], a finite element probabalisgoftware
key component in this RF transmission system is thfwveloped byNASA. Probability of Failure (POF) is
vacuum barrier window. Therequirement of high-power inferred from calculatedWeibull parametersusing data

handling capabilitycoupled tothe desirability ofgood from four pointbendingtests on AL300 (97.6% alumina
mean time to failure characteristics can béreated ceramic).

substantially with a set of microwave, thermal-structural,

and Weibull analysiscodes. Inthis paper, weexamine 2 PHYSICAL DESCRIPTION
realistic 3-D engineering models of the ceramic windows.
We modelthe detailedcooling circuitand make use of
accurateheat deposition models for tHeF. This input
and simulation detail is used to analyzéhe thermal-

structural induced stresses in baseline coaxialindow

configurations. We also use a Weibull-distributfaiiure

predictioncode(CARES), using experimentallgbtained
ceramic material failure data and structural analysis
calculations, to infer probability of failure.

Two RF waveguidegeometriesare presented ithis
paper: (1) a generic, single window, desibat hasbeen
used in experiments, and (2) one of the compedegigns
for the power coupler on the APT linac (courtesy of CPI
Communications & Power Industries).

Electric fields from microwaveransmissionproduce
heat loads from imperfections in the electrical properties
of copperandalumina. For the test geometrhere is
active cooling from air flowing through thénner

1 INTRODUCTION conduc_torandout across thevindow surface. The walls
of the inner conductors, outer conductard t-bars are

The Accelerator Production of Tritium (APT) project isplated with copper (for electrical propertiesind are
a Department of Energy (DOE) sponsorieestigation gtherwise aluminumand stainless steel. For the CPI
into the feasibility of using lineaacceleratotechnology geometry, the active cooling circuit is a more aggressive,
(as opposed to traditionegactors) to producitium. A watercool, in the innerconductor coupledvith airflow
major technical issue is the design of vacubarier petween the ceramics. Thmnductors are copper and

ceramic windows insidehe RF transmission system.copper-platedstainless steel. Thaindows are kept in
Specifications call for material transparentniicrowaves place by a brazed joint.

at as much as 700 MHand 500 kW, CW (actual
operation will be at half that power). Compromise of the 3 FINITE ELEMENT MODEL
system results in vacuum breach and costly down time for
the accelerator.

The objective of this analysis is talevelop a
simulation that will model the thermaland structural
effects of transmission inefficiencies coupled to an

The single window Finite Element (FE)odel isbuilt
using 8-node bricks and 4-node shell elements and the CPI
model is built as a 2-D axisymmetric simulation with 4-
node quads. Using a 2-D axisymmetric simulation for the

. . . CPI geometry (as opposed to the 3-D implemented in the
atmospheric load to determiife andmore appropriately, singlge Windov)\// gtest c%pse) sssumed from tEe observation

when the ceramics will fail. . T : ”
Since ceramics have much higher deviations in strengttrﬁat very little problem insight is gained from thedition

* The work was performed under the auspices of the U.S. Department of Energy by LLNL under contract
W-7405-ENG-48.
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of 3-D effects. There isgeometric axisymmetry of the
problem (in the region that ware interestedand our
main concern isthe stress state of the windows, not the
entire system.

The heat deposition as a result of thlectric field
calculation along the walls of the inneand outer
conductorandthe ceramic is conservatively approximated
to be axisymmetric with the maximum azimutialues
represented. The values of thlectric fieldare calculated
using a 3-Ddirect Maxwell equationsolver. Thevalues T E e RN
for power depositiorare determinedrom the calculated e
electric field averagedover a RF cycle for th@erfectly
matched case.

Convective cooling is accounted for by computhmesat
transfer coefficients from correlations for fluid flow [2]. conventional heat transfer rule-of-thumb would suggest
Enclosure radiation isaccountedfor in the vacuum the opposite, that less cooling will result tigher
cavities (in the 2-D axisymmetricase)using gray diffuse  thermal stress. Further analysis shows thanthgnitude
view factors. Natural convectioand radiation exchange of the face cooling is just as important. Figure 2 shows
with the surroundingsre accountedor on all outside the variation of stress when the flow rates across the
surfaces. window are varied.

The simulation isperformed intwo steps: (1) solution
of the thermal profile from the givepower load(using
TOPAZ [3]) and (2) solution of stress contours
throughout thewindow from the sum of thermal stress
and mechanical stress from the vacuum pull (uSiHgE
[4]). These combine to give the thermal stress result.

Maximum Principal Stress (MPa)
2

EYS

Figure 1: Maximum principal stress at variofiew
rates inside the inneconductor (windowcooling held
constant).

Maximum Principal Stress (MPa)

4 RESULTS

There are thresignificant resultspresented here and
each allow insight into to thindamentaphysics of the -
problem.

-
Figure 2: Maximum principal stress at variofiew
4.1 Single Window Geometry rates across the ceramic windows (inner condumofing

) ) held constant).
An experiment wagerformed atArgonne National

Laboratory (ANL) [5] (using an EEV/WESGO AL300  This geometryprovidedthe first look of theeffects of
ceramic) and is useébr comparison with the test FE RF shields on the resultant helaad on the ceramic.
model. This experimergrovidesthe temperature at the These shields are place in the transmission Higfere and
outer radius of the window and a temperature profile after the ceramics to prevent significant loading on the
across the vacuursurfacecourtesy of arinfrared camera. prazedjoint.  In preventing this build-up, thehield
These experimentsere done inthe range 0f1000 kW,  createshigh electric fields atthe sameradial location in
CW at 350 MHz. The test FEnodel has been run andthe ceramic (offthe conductor walls). The resultant
benchmarked tdhese experiments. Thisodelhelps Us temperaturepeak, at adistance out from the inner
understandhe significance of the cooling circuit in theconguctor, results in high thermal loading in that
stress distribution of the window. Running 1000 KW gosjtion. This has been a significant influence in the
350MHz, the effects of too aggressive an inc@mductor temperature gradient drivethermal stresspecause the
cooling without adequateattention to the air cooling peak temperature occurs awpm the innerconductor
across the window could bdisastrous. It isdiscovered \ya||, rather than directly at the wall, as theory would say.
from varying the heatransfer coefficients (effectively couple that to thdact that the inneconductor iscooled

changing the flow rates of air and water in the system) thg |ow temperatures;reates atrongtemperaturegradient
stress is significantheffected. The resultsare seen in right at the inner radius.

Figure 1. )
It can be seen that as the heansfer coefficient value 4.2 Dual Window Geometry

on the innerconductor is decreased,the maximum The CPI geometnjincludes a feature orthe inner

prln_czlpal ?tretss N tlrt]e thrr:dtovlv actuahiyle.creases.'ll'thsl ISI conductor that mitigates theforementioneaooling issue
an important result - that 1ess cooling resuits in es(?-,\specially when using high flowate water-cooling).

stress. The design features a thin-walled sheet of Oxygee
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Electronic Copper (OFE-Cu) that theeramic is directly cooling flow ratesare changed. Thus, weare able to

brazedto. This plate issupportedonly at theends, recommend optimum values to mitigatepremature

allowing the ceramic to expand, unconstrainathder a breakagedue to thermally induced stresses. We also
thermal load. The resultant stresses decrease by a factodisfoveredhat implementation of flexibleoundaries for

three over theidgedbody assumption. Table 1 shows athe ceramicvacuum barrier windowgroved an excellent
comparison of the ridged and flexible support modeth  means of preventing thermal stress buildup.

inner conductor and windowooling set at 60,000 W/n Future analysis will befocused on continuing

K and 50 W/n4-K respectively. refinement of the currerdimulations toassureaccuracy,
Table 1: Resultant principal stresses. as new experimental data becomes available in the coming
Maximum Principal | Ridged Flexible months. Moreeffort will be put on the interpretation of
Stress (MPa) support support CARES results for fast-fracture as well as the failure time
(Omear250 MPa) 92.9 28.7 as a result of sub-criticalrack growth (static fatigue).

The implementation of flexible boundaries, althouglPther emphasis will bplaced onthe EEV design for the
quite clever, leaves many questions lingering about tf&T power coupletthat was nottreatedhere. A major
integrity of the brazed joint. Stresses in tiupper plate feature of the EEV design is the use ofexpanding outer
are approaching the vyield strength of the material argPnductor, rathethan a shield, to protect thbrazed

o design may not bplagued bythe same coolingoncerns
4.3 CARES Predictions because of the smooth distribution of power absorption in

the ceramic (from the absence of shieldajhd the more
than adequate use of air cooling across the window faces.

More future analysis willexamine the structural
response to the perfect mismatched case in the
transmission (when the RWwave effectively encounters a
short and is reflected back down the line) for both the CPI
and EEV designs.

CARES is a probabilistic, publicdlomain software
program that wasleveloped atNASA Lewis Research
Center. CAREScalculatesthe POF for brittleceramic
materials from Weibulparameterandfatigue parameters
for sub-critical crack growth. These parameters are
calculated by CARES from test sample data.

Using data for WESGO AL300 ceramic [6], the
probability of failure is calculated for extreme stress.

Figure 3 shows the POF (aslculated byCARES) is 6 ACKNOWLEDGEMENTS
only significant abovel89 andbelow 273 MPa. Since Completion of this analysisvould not have possible
our problem is the 30 MPaange (see Table 1), without the contributions of colleagues at LLNL and

reliminary results suggest that the probabilityfasiure ~ WANL. The authors acknowledggtimulating discussions
\F/)vill be qui¥e low 99 P # with Dr. A. ShapiroandDr. C. Landram atLLNL, and

Dr. B. Rusnak at LANL.
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Figure 3: Probability of Failure in AL300 as a functioriS]
of Stress State.

The analysis thufar has given much insight into the
physics of the problem, significant design features, and
their contribution to failure. From thaforementioned
analysis we are able to infer trends in stress state when the
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Abstract facilities is also presented. Note that the possibility to
provide the necessary accelerating gradient as well as the

The Intense R&onant Neutron Source (IREN[1] with  determination of the dark current are the principal
200 MeV driver electron linac LUE-200 is being creategroblems for us.

at JINR by JINR, BINP and MEPhHI. The average power
of the electron beam will be 10 kW. For optional 2 FULL SCALE TESTING OF THE

decision of a lot of problem we are planning to use a few ACCELERATING SECTIONS
test-installations (test-facilities). One of them is the Full

Scale_Bst Rcility (FSTH [2] and the second one - the qu full scale tes_ting of the LUE-ZQO ac_c_elerating
Electron_Gin Test Facility (EGTF) at JINR. The JINR’s sect|0r!s we are planing to use the spgmal facility (FSTF)
operable installation (LUE-40 + IBR-3(3], along its (S€€ Fig. 1) at JINR (under construction [2]), as well as
direct aim, also being used as the IREN's test-facility. THE€ BINP's available test-facilities. Since the BINP is the
Electron Linacs of the Yerevan Physics Institute being€Signer and producer of both - the accelerating sections
planned to use as the IREN's test-facilities too. Thénd the SLED cavities - it is expected that the sections

description of the specified test-facilities is presented. and cavities will be tested at the suitable BINP test-
facilities in cooperation with the JINR representatives and

get certificate of quality originally. At the FSTF the M-

1 INTRODUCTION 350 modulator for the 5045 klystron [4] was already

The Intense Resonant Neutron Source (IREN) wagstalled, and Klystron is being installed now. The M-350
designed and is being created at JINR by JINR, BINP apghdulator was created using of the M-250 modulator of
MEPhI. The IREN includes three main parts: the 20fhe OLIVIN klystron station. This station was developed
MeV Electron Linac LUE-200 (beam average power wilhng created for the YerPhl linac and supplied to the JINR
be 10 kW), tungsten target and plutonium boostekccording to the agreement between JINR and Armenian

multiplicator [1]. On account of the IREN installationgovemment_ All jobs on putting the modulator in
must be placed instead of the presently operating neutrgperation are completed. The thermostat, cooling,
source (IBR-30 and its driver - 40 MeV Electron Linac)monitoring and emergency systems are under
the designed value of the accelerating gradient of th@nstruction. The vacuum system’s equipment produced
LUE-200 is chosen relatively high (35 MV/m) forpy the vacuum Praha is ready for installation, and some

providing the necessary energy and power of electrg it is already installed.

beam. The main problems to study at this facility are the
So far as the IREN must be instead of the operabitaining of the expected accelerating gradient and
facility (IBR-30 + LUE-40) it is reasonable to test, usingmeasuring of the dark current. Along the accelerating
test facilities, the most part of the IREN's equipment, angbction the scintillation detectors will be placed for
first of all the LUE-200 equipment, before its instalIationmeasuring X-radiation induced in the section body by the
For this purpose is expected to create some of thoggrk current. Energy spectrum of the dark current and
facilities at JINR and use existing facilities in BINP a”‘hccordingly accelerating gradient will be measured in the

YerPhl as well. The description of those facilities is givegysyal way by magnet spectrometer. Moreover the RF-
below. The program of works to be carried out at those

" Also SLAC
" Also YerPhl
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Fig. 1. Schematic layout of the full scale LUE-200 IREN test facility.
AS - accelerating section, B - buncher, Q - quadrupole lenses, FC - Faraday cup, Kl - klystron, MO - master
oscillator, P - preamplifier, MS - magnetic spectrometer, RFL - RF-load, VV - vacuum valve, SD - scintillation
detector, WF - waveguide feeder, MM - measuring module, RPL - reference phase line.

power multiplier system, the waveguide elements, tHeLED system, and two waveguide feeds. The each
LUE-200 control, monitoring and protection systems ar@aveguide feed provides incident and reflected power
expected to test at the FSTF. Note the another no lemsnitoring, RF-pulse envelope monitoring, phase
important role of this facility. It is expected that all themonitoring (of the buncher and the accelerating sections
LUE-200 elements will be tested and get the certificate &F channels relative to the reference phase), control and
quality on it before installation in the standard place. protection (on RF breakdown and VSWR in the

waveguide feeds or the sections). The LUE-200 RF

3 ELECTRON GUN (EG) TESTING AND

SETTING-UP FACILITY.

In Fig. 2 the EG test - facility layout is presented. The
LUE-200 electron gun is under construction at JINR

Electron gun (EG)
4—

now. It was designed on the basis of the prototype created Vacuum
earlier at BINP for the F-factory. EG products the valve (VV)
electron beam having the parameters: 200 KeV energy; Bosition monit.(PM) > D —
A pulse current at 0.2fsec pulse duration. At the present ' »[ i TH—  Emittance
time most of the EG parts are produced and its assembly i (PRM) B tester (ET)
being carried out. In addition to the electron gun theProfile monitor(PRM _ =
facility includes the following equipment: LB vagnetic lengML)
* 100 cm length beam transport channel equipped
with two focusing solenoid lenses and beam Beam corrector (B L’E Current
position correctors (transverse magnetic field = monitor (CM)

coils); ML
* beam current monitor; —’E:
L

* beam position monitor;

X

— . BC
QIVV
_CH—

» beam profile monitor, >

* beam emittance monitor; m»\

* magnet analyzer; ET

» auxiliary technological equipment. PM =

The research program involves: cathode emission g I
characteristics measurement, beam energy (total energy Magnet
and energy spectrum) and space-angular (profile, FC spectrometer
emittance) electron beam characteristics measurement

Faraday
4 TEST RESEARCH OF THE LUE-200 cup (FC)

ELEMENTS AND RF SYSTEM DEVICES

The LUE-200 RF-system is based on two 5045
klystrons produced by SLAC. The RF-system includes

. ; o Fig. 2. Schematic layout
the master oscillator, reference phase line, preamplifier,

of the EG test facility
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system also includes high-power matched RF loads
placed at the outputs of the sections. The RF system
elements (except the SLED’s cavities and the loads) were
designed at MEPhI and produced by the ISTOK
specialized manufacture. Some monitoring and RF-
system control devices were designed at YerPhl and are
being tested at the test facilities in Yerevan. When the
testing will be finished that devices will be placed in own
positions at the FSTF and at the LUE-200. Fig. 3 shows
the layout of the IREN RF test-facility at YerPhl.

5 IREN MONITORING DEVICES

Within the project realization a number of basic
principles on the IREN monitoring are being tested at the
operable installation (LUE-40 + IBR-30) which is used as
the IREN’s test-facility. We try to build a stabile and
reliable control system using free software base: FreeBSD
and Linux operating system, free implementation of SQL
server, HTTP server, etc. The use of the software which

source codes are open gives us some advantage in

comparison with commercial (and closed) software.
Such a monitoring system of the (LUE-40 + IBR-30)

7 REFERENCES
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Fig. 3. The IREN test facility at YerPhl.

AS

—1
LT LI

EG B

MO - master oscillator, P - continuous signal

was created and put in experimental operation during the preamplifier, PP - pulse signal preamplifier, MDC -

1997-98. A set of pulse and continuous parameters areoupler, RPL - reference phase line, WPD - waveguide
measured and stored with a real repetition rate 100 Hgower divider, EG - electron gun, B - buncher, RFL - RF
All the functions of the control systems (measuring, 10ad, AS - accelerating section, KPA - klystron pulse
database storing, public access providing) are distributed@mplifier, MS - magnetic spectrometer, FC - Faraday

between different UNIX workstations. Main attention is
paid to provide a stability of the control system at
emergency situations, such as AC power shutdowEL,]
network cable tearing, etc.

We also try to develop a software to provide an
effective communication between personnel and users of
the existing facility. All the information interesting for the
users are available from the WWW, and WWW to SQILZ]
interface is used to access the databases.

6 CONCLUSION (3]

The IREN project aimed to create the new JINR's bagg]
installation for fundamental research is being realized in
the rigorous of the total crisis, caused by economic,
political and social cataclysms of the recent years all over
the territory of the Former Soviet Union. In spite of all the
difficulties the IREN team does not lose hope to complete
the project in the foreseeable future.

Work supported by .JINR Facilities Development Plan
under contract .#0993. and partially by ISTC under
contract A 087 at YerPhl.
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CONSTRUCTION OF THE 8-GEV e-/ 3.5-GeV & INJECTOR LINAC
FOR KEKB

A. Enomoto, KEK e-/e+ Injector Linac Group*, and Linac Commissioning Group**
KEK, 1-1 Oho, Tsukuba-shi, Ibaraki-ken, 305-0801, Japan

Abstract 2.1 Energy Upgrade of the accelerator module

In order to increase acceleration gradient, theoufce
of the old accelerator modules has bapgradedrom the
downstream tothe upstream using summend winter
shutdown terms. For increasing the rf peak power, the
klystron modulator power wamcreased bywice, the
30-MW Klystronsreplaced by50-MW klystrons,and if
pulse compressors (SLED: SLAénergy doubler) used.
1 INTRODUCTION Including newly fabricatedones, 58upgraded accelerator

. . moduleswere so far constructeahd the number of the
KEKB includes an 8-GeV electron(eing and a3.5- remaining modules to be installed is only one.

GeV positron (& ring, which has beennderconstruction

The KEK/PF 2.5-GeV linac has beeipgradedsince
1994 by upgrading the existing linac as welleatending
it towards the upstream site. It habeen almost
completed and commissioned during MaydJune, 1998.
This papersummarizes the construction statasd the
beam performance of the new injector.

since the TRISTANacceleratorwas removed. KEKB summer winter annual
aims at a luminosity of 1 x 26 cn2s® with collisions -FY1994 5
between 1.1-A electrons and 2.6-A positrons. EFY1995 7 7
One of therequirements ofthe injector linac is to EFY1996 12 15 27
deliver full-energybeams for both rings. The other is to FY1997 12 6 17
increase the positron beam intensity to 0.64 nC (4% 10 FY1998 1 1
particles) /bunch with a repetitiorate of 50Hz. This total 58

positron intensity is ten-times as much as what the old
linac produced, andvhen the beamcould be injected Among 58 acceleratormodules, the SLEDsare not
without any beam loss, it takes 13.5 minutes tgsed inthe most upstrearmodule (pre-injectorand the
accumulate from 0 to a maximum charge of | &6, since accelerator module just aftére positronradiator, inorder
the KEKB ring has a circumstance of about 3 km. to avoid any troubles due to electric breakdown.

In order toachieve these requirementlge linac has ]
been reconstructeahd expandedl]-[3]. For theenergy 2-2 High-power klystrons and modulators

upgrade, the number of accelerator modulesin@sased The newly developed50-MW klystrons are compact,
from 40 to 57, as well as thaccelerationgain of each size-compatible with the old 30-MWKlystrons. They
module from 70 to 160 MeV. Theald positrongenerator npaye peen satisfactoriffabricated andnstalled according
wasmoved to ahigher energypoint of about 3.7 GeV g the schedule described above.
from 0.25 GeV in order to increase the positron intensity. Forty-seven Klystron modulatoraere improved to
double the pulseenergyand 11 modulatorswere newly
2 CONSTRUCTION produced. The high-voltages applied to the klystramee
The KEKB injector has beerconstructedsince FY tuned sothat the pulse width is 3.[ds with ripples less
1994 as dive-yearprogram. Reconstruction of the oldthan 0.3%. The high voltage contrahd the interlock
linac was finished by theend of FY1996; thelinac monitor are made using programmable logic controllers.
expansion wasconstructed duringFY1997 and the During the linac commissioning in Magnd June
combination with the old linac wasompleted bythe end 1998, the klystrons were operated at 25 pps and the output
of FY1997 (March, 1998). power was38.6 MW in average of 55moduleswith
SLEDs; and corresponding calculated no-loatcelerator
gain was 164 MeV /module.

*1: K. Nakahara (head), I. Abe, S. Anami, A. Enomoto, S. Fukuda, K. Furukawa, H. Hanaki, H. Honma, H. lijima, M. Ikeda,
K. Kakihara, N. Kamikubota, T. Kamitani, H. Katagiri, Kobayashi, T. Matsumoto, S. Michizono, Kakamura, KNakao,
Y. Ogawa, S. Ohsawa, T. Oogoe, T. Shidara, A. Shirakawa, T. Suwada, T. Urano, S. Yamaguchi

*2: N. Akasaka, A. Enomoto, J. Flanagan, H. Fukuma, Y. Funakoshi, K. Furukawa, N. lida, T. Kamitani, M. Kikuchi,

H. Koiso, K. Nakajima, T.T. Nakamura, Y. Ogawa, S. Ohsawa, K. Oide, K. Satoh, M. Suetake, T. Suwada
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All the acceleratomoduleshad been conditioned up to needleusing solenoid. Theadiationfrom the SLEDs is
about ten-percent higher peak povwardthe trip rate was sufficiently low and the shielding is not necessary, though
low during the beam commissioning, ex., 0.31 thereareseveralSLEDs with relatively higheradiation.
times/klystron.hourduring June 7 to 13. Since theThe tuners and the detuners are also well working.
operation started, two klystrons hbeenreplacedowing
to trouble in the outpuwindow and the gun cathode,

respectively;and 4 more Kklystronsare to be removed  About seventy 2-m sections, which arev2mode
during this summer shutdown inorder to tune the traveling-wavestructures,were fabricatedusing electro-
focusing field again. plating method. One of them weested up to 3&V/m
(21 MV/m is operational), where any limitation was not
found. By the linac ammissioning, all of the new
The low-power rf systems have been extensiveBections were conditioned without any problem up to
changed for the KEKB injector [4]. In order tomore than the operational gradient.
synchronize the linac beam with the ring rf buckets within An accelerator section used just after the positron
a requested precision of +-30 ps, the common factoesliator is one meter long; the input coupler has two
between the linac and the ring rf frequencies were searchgahmetric coupling holes in order to reduce electric field
under the condition that the linac frequency was fixed aagund the coupler and the input waveguides. This section
considering the ring rf bandwidth. The highest commadn operated in the solenoidal magnetic field of 0.5 T and
factor was consequently chosen to be 10.38545 MHed by an rf of about 30 MW, 1is without a SLED,
which is the 275 (11 x 5 x 5) -th subharmonic of the linasroducing an acceleration gradient of 17 MV/m. Rf
rf as well as the 49 (7 x 7) -th subharmonic of the ring ¢bnditioning for the accelerator sections used in the
(508.8872 MHz). This means the linac beam and the ringagnetic field was carefully performed. Consequently the
rf bucket are synchronized at 10.38545 MHz. klystron trip due to electric breakdown was hardly
The subharmonic bunchers (SHBs), which produesperienced during the commissioning for the positron
single bunch beams from the gun beam pulses withb@am in June. This was a drastic change from the four-
width of about 2ns, are to be operated at the fifth (57 1nZeter sections which had been used in the old positron
MHz) and the 25-th subharmonic (114.24 MHz). For thsburce.
former rf, a 10-kW solid-state amplifier was newly o
fabricated, however, for the latter, an old amplifier using:> Pre-injector

vacuum tubes was still utilized with slight improvement.  The KEKB injector requires the pre-injector to produce
The frequency of a master oscillator was chosen to %Qﬂe bunches with a bunch length of about 10 ps
the fifth subharmonic (571.2 MHz). Using an optica{,:WHM) and a charge of more than 10 nC. The gun is
fiber cable, the linac fundamental rf (2856 MHz) igple to emit pulsed beams with a pulse width s 2
transferred from a main-booster to sub-booster statigns (FW) and a peak current of about 10 A. In order to
located at the upstream of every 8 accelerator modules. compress the gun beam to the single bunch beam, a
For the SLED system, the sub-booster rf drivgi4 24-MHz SHB and a 571.2-MHz SHB were installed
systems were improved so as to inverse phase at the 1a§i8hre the 2856-MHz bunchers. The gun beam energy
part of the rf. The switching time is changeable. Duringas jncreased up to 200 kV (100 kV in the old electron
the rf conditioning, it was set around 200 ns in order ifhac) for suppressing spe charge effect on the basis of a

avoid the rf breakdown. computer simulation. The pre-injector showed a good

Sub-booster klystrons were raped by newly pegm performance in the commissioning.
developed 60 kW klystrons in order to drive 8 klystrons

instead of 4 klystrons in the old linac case. Thegk6 Positron production
klystrons are water-cooled. During the commissioning,

the correlation between the rf phase shift and the COOI'?gblace 4-m accelerator section by shorter sections. In the
water temperature was StUd'e.d. and measured 1 deg /Qglp injector, two 1-m sections and two 2-m sections
deg.C_. The temperature stability for the rf systems _h\%re installed and rf pulses with shorter width are to be
been |mpro_ved_t0 be arou_nd 0.2 deg. by changing COOI'QQG. This improvement was very effective for stable
tour fan switching to continuous control of a 2-way valVGOperation of the positron beam. The electron-to-positron
2.3 SLEDs conversion rate normalized by the incident electron energy

was about 3.3%/GeV at the end of the linac.
So far 55 SLEDs has been operated. These SLEDs

are of two-hole coupling type and are modifiedonder to 2.7 Beam Instrumentation and control
facilitate handling in the existing linac: the tuner with
smooth adjustments with theecessaryesolution (2 kHz
in resonant frequency); the drive mechanism ofdbiginer

2.4 Accelerator sections

2.2 Low-power rf systems

The main improvement for the positron source was to

One of the great progress of the KEKB injector from
the old injector is to have developed a beam instrumenta-
tion system based on beam position monitors (BPMSs)
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which were installed at every location of quadrupole 3 BEAM PERFORMANCE
magnets [5]. The BPMs were widely utilized to tune linac

beam in such cases as orbit correction and dispersion ' N€ linac commissioning wazarriedout asscheduled

correction of the linac beam transport system. in May andJuneand the resultsnear tothe designwere
The BPMs comprises stripline-type beaposition ©ptained as follows:

monitors and associatecsignal analyzing systems. For

solving man-powerproblem todevelop adataacquisition electron positron

system, 17 digital sampling oscilloscopes, whéca of 5 dsgn achvd dsgn achvd

GHz, 2 ch,and communicatedvith a VME computer, ~ €neray (GeV) 8 >8 3.5 >4

were distributed everpalf of the linac sector (typically ~ charge (nC/bunch) 1.2 15064 0.6

38.4 m). The signalarecombined by combiners so that €nergy width (% Fw) 0.5 - 0.5 0.8
emittance (&, mm) 1.1 - 16 23

eachpeak isnot overlappedandtheir peaksare measured

using the oscilloscope functiorand analyzed bywME.

The position signals for one beam pulse are measured by & remarkable feature dhe linac commissioning was

beam-triggersignal distributed tothe monitor station. Use of the beam instrumentation systend SAD

The position information from all BPMs ignewed every (strategicaccelerator designjomputers in various stages

1.4 second at present. of the beamuning. Especially it was indispensable to
The other important monitor is sireak-cameraystem  tune high-current electron beams for positron production

to observe the bunch structure of the linac beam [6]. TW&ile suppressingneittance growth.

streak-camerasystem was alsaised in the old linac.

However, it wasnot so easy to handle, because it 4 SUMMARY

consisted of separate devices, such as an op§ism, a (1) A linac upgrade was almost completed. A tetagrgy

trigger and its delay system, a synchronization circuitof more than 8 GeV and average module gain of more than

betweernthe triggerandthe rf to reducetrigger jitters, as 160 MeV (20 MeV/m) were obtained.

well as a streak camera proper. FurtherCherenkov

light emitted by a beam wassed as dight sourceinto a

streak camera; therefore,has for a long timéeenused

only for experiments. (3) To achieve a completperformance inthe KEKB
Newly developed streak-cameraystems are more commissioning, the remaining issues, such aslittee

simply arranged,computer controlledand they utilize alignment checkreplacement ofthe old devices, and

optical transition light (OTR) emitted from a metalrror  preparation for the50-Hz operation, is to bestill

which can beeasily inserted tothe beamline. Thu$our continued during this summer.

streak-cameras weiiastalled after the pre-injector,after

(2) A positron beam near to tldesign quality hakeen
achieved.

the linac arc, after the positraadiator,andthe linacend. REFERENCES
So fa_lrthey were frequentlyused atthe pre-injector as a 1) J. Tanaka, et al., "Operation of tHEK 2.5 GeV Electron
real time bunch tuner. Linac", Proc of the 1984 inear AcceleratorConference,

Darmstadt, Germany, May 7-11, 1984.

2) |. Sato, et al. edited, “Design Report of PF Injector Linac
All the buncher system are operated in the Helmholtz ypgrade for KEKB” (in Japanese), KEK Report 95-18.
coil of about 0.1 T. In this low energy region, the) A. Enomoto,“Upgrade to the8-GeV Electron Linac for
alignment of the equipment was carefully checked; by Kgkp", Proc. of LINAC96, Geneva, Switzerlan@6-30

changing the gun beam energy, theifpms change on August, 1996, pp.633-637.
beam screens was investigated. However the alignmanty. Hanaki,et al.,"Low-Power RFSystems for theKEKB
has been still checked in this summer shutdovatalse Injector Linac", Proc. of APAC98, Tsukuba, Jap@8-27
it was essential to use steering coils before the bunchenvarch, 1998, to be published.
during the commissioning. 5) T. Suwada, N.Kamikubota, K.Furukawa: "NEW DATA
The linac alignment has not been sufficient at present. ACQUISITION SYSTEM OF A BEAM-POSITION
One of the reason is the girder slide rollers were MONITOR AND A WALL-CURRENT MONITOR FOR THE
superannuated.  They have been aepdl during this  KEKB INJECTORLINAC", Proc. of APAC98, Tsukuba,
summer shutdown. And the linac alignment will be japan, 23-27 March, 1998, to be published.
selectively improved upstream of the positron radiator B) y. 0gawa, et al."NEW STREAK-CAMERA SYSTEM FOR
order to increase the primary electron beam intensity. THE KEKB LINAC", Proc. of APAC98, Tsukubajapan,
23-27 March, 1998, to be published.

2.8 Linac Alignment
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SINGLE BUNCHED BEAM TESTING FOR SPRING-8 LINAC

T. Kobayashi, T. Hori, H. Yoshikawa, H. Sakaki, T. Asaka, K. Yanagida, A. Mizuno, S. Suzuki,
T. Taniuchi, H. Abe and H. Yokomizo
Japan Synchrotron Radiation Research Institute, SPring-8, Kamigouri, Ako, Hyogo 687-1298

Abstract system is connected with a coaxial rotary switch
controlled remotely from the control room. The emission

A new grid pulser for a short pulse was installed in thgast was carried out with the 1ns pulse length of the
electron gun system. The emission pulse length can Bggle-mode grid pulser.

changed from 250ps to 1ns with the peak current of 1.6A.
The single bunch operation in the storage ring wa —
successfully achieved with the purity of @@rder.

1 INTRODUCTION

The SPring-8 is a third generation synchrotron radiatio
X-ray facility with a 1GeV linac,8GeV booster

synchrotron and 8GeV storage ring. We succeeded in tl -Il
acceleration to 1GeV by the linac in August 1996, and i L Flection Gun EIMAC Y796

200keV electron

Constant Fraction Level
Discriminator Converter

12Q T Line

500m Fiber Cable

acceleration to 8GeV by the boostgynchrotron in Trigger Puse
December 1996. In March 1997, the storage ring we ——»
accumulated the 20mA beam current with long life time

In May 1998, the storage ring was stored the electrcn

beam with maximum current of 200mA.

SPring-8 linac with maximum energy of 1GeV is
consisted of 13 high power klystrons(E3712,80MW) an.:
26 acceleration tubes[1,2]. The preinjector of the linac i~
composed of 200kV thermionic gun[3], two single-cavity

Figure 1: Schematic drawing of the grid pulser system.

! 250ps |
prebunchers, a standing wave buncher and a high-gradi..... J: P N 0
acceleration tube. The emission current from the linac h-- a ol -
been produced various kinds of the pulse length from 10... 1‘ .
to 1us and an energy of 60MeV, which are requested - B S0V/div.
the operation modes of the storage ring. We have be s 200ps/div.
planned the 1ns emission of the linac for the efficier TR 'mmio - .
injection to the storage ring. Since this autumn, 1Ge - : , .
storage ring(so called New SUBARU) whichusder { ——— 00ps
construction in SPring8 site will be also injected the 1n- y I‘ e - -
emission from the linac. However, the 1ns emission hav .. W] T e
not been supplied in the 8GeV storage ring. Recentl - l 50V/.div” T
the single bunched beam operation of the storage ring w ___ R zOOps/dlvv
achieved by using the new grid pulser(three fixed outpu... B ) e -f-;--*,—" —————— =
250pS,500pS,1nS). 76.3860 n-l 7773800 na ‘ 78.3880 ne
2 PERFORMANCE OF GRID PULSER I S l,ns.,:

FOR SINGLE BUNCH EMISSION : 1
The grid pulser system is shown in Fig.1. Tdystem SOV/div,

has three grid pulsers; a single-mode grid pulser(less th-— ] A s00ps/div.
1ns), a short-mode grid pulser (10-40ns) and long-moc - Iy E
grid pulser(ls). The single-mode pulser has three output- T ,B_z,fo — I RITTEN

with the fixed pulse length of 250ps, 500ps and 1n-

t.thQh the front p‘?‘“e' N-type connectors, gnd the ri‘ﬁ ure 2: Waveform of three fixed outputs of single-mode
time of each pulse is about 200ps. These grid pulser adﬁgd pulser(250ps,500ps, 1ns)
installed on the gun high-voltage deck. In order t0 ' ’

achieve rapid exchange of the grid pulsers, the grid pulser
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The external grid pulser trigger was transmitted througan 1GeV beam dump was 95%. Using the chicdtes
a single-mode optical fiber, which has low dependence dhe last acceleration tube, the energy spread and the beam
the room temperature, developed by Sumitomo electreanergy was measured. The energy spread of beam was
industries. This fiber has a thermal coefficient for a delagbserved by the profile of screen monitor at the chicane
of less than 0.4ppm. We use circuits made by ORTEtenter point(dispersion function 1m). The x-direction
Co. aselectrical-to-optical(E/O) and optical-to- distribution of screen monitor at the chicane center point
electrical(O/E) converters, with a jitter of less tharwas 7mm. Consequently, energy spread of beam was
2ps(rms) and a maximum frequency of 10GHz. Thwithin 0.7%.
external trigger of grid pulser is synchronized both
508MHz(synchrotron, storage ring) and 60Hz(line
frequency).

The waveform of the three fixed outputs of the single-
mode grid pulser is shown in Fig.2. The peak-to-peak -8 —
time jitter of three fixed output(250ps,500ps and 1ns) is ,
26ps, 28ps and 25ps, respectively. The relationship§
between pulser control voltage and pulser output voltage |i§ '
is shown in Fig.3. The output voltage of grid pulser is
changed from 120V to 300V at the port of 1ns output.

Control voltage vs Grid pulser output voltage (250ps,500ps,1ns)
400

—

286mA/d|v 2ns/div.
Figure 4: Waveform of 1ns emission

350

300

250 ? ? ” ?
; i Vv i i 18 :
/E\ H

—0— 250ps

e & —® ~500ps conjdition | 1
H A SUUTNS FUU — 1.6 fooeeeoo-d bias..voltage :-60V.._.._. ... % . i
200 H : ' 1 he;ter power 36W ; ; ]
: : : gun mod. voltage 180KV 1

Grid pulser output voltage(V)
e
-
EN

100

2 4 6 8 10 12
Control voltage(V)

SCM output(A)

Figure 3: Control voltage vs grid pulser output voltage

3 EMISSION & ACCELERATION
TESTING

The waveform of the emission current from Y796 %60 a0 a0 340 a0 30 400
electron gun is measured by the SCM(wall current Grid pulser output(V)
monitor) as shown in Fig. 4[4,5]. Thamaximum
emission current is 1.6A with pulse length of 1ns. Figure 5: Relationship between grid pulser output and
Fig.5 shows the relationship between emission curreffnission current
and the output voltage of the single-mode grid pulser. The
1ns emission current shows the good linearity. we# SINGLE BUNCH OPERATION OF
measured the characteristics of the 1ns beam which was STORAGE RING

accelerated up to the maximum energy of 1GeV. Thewe tried single bunchetheam operation which
beam position and shape were adjusted by checking screg@@umulated the 1ns beam from the linac at the 21
monitors and the beam current was measured by waliickets of the storage ring. Because Y796 cathode
current monitors. After fine adjustment of tbeam assembly was used for last 3 years, the grid was coated
transport, the transmission efficiency of the bunchingith Ba so that the grid emission has been increased. The
section of linac was about 60%, and the transmiSSiQﬂJrrent of the gnd emission of m:ompared with the
efficiency of the whole linac from the bunching section tgeak current of 1ns electron beam. By kicking the satellite
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beam by the RF-KO of the synchrotron, the pure single
bunched beam was obtained. The purity of the single
bunched beam was observed by the technique of the
optical measurement as shown in Fig.6. The purity of the
single bunched beam was achieved to be the order®f 10

R 120044003
v T T T T T T T T T T IARNRR) T T T

Date  : 12/JUN/98 14:26
107 £ Resl Time - 1600 N

Daw . 12/JUN/98 14,37
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AN ooy L e N AN o A AL
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10!

time (ns)
Figure 6: Measurement of single bunched beam of
storage ring

5 CONCLUSIONS

We succeeded for accelerating the 1ns electron beam and
accumulating the single bunched beam at 8iteV
storage ring. The grid emission was observed to be order
of 104 compared with the electron beam. The purity of
the single bunched beam of the storage ring was obtained
to be order of 1® by means of eliminating the satellite
beam by RF-KO of synchrotron.
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PERFORMANCE OF AN AccSys TechnologfL-7 LINAC AS AN INJECTOR
FOR THE IUCF COOLER INJECTOR SYNCHROTRON

D.L. Friesel and W. Hunt, Indiana University Cyclotron Facility, Bloomington 4IK,08

Abstract 10" protons to 240 MeV by May 1998. Beam extraction and
Cooler injection development will begin during the last

An Accsys Techn0|ogy Model PL-7 Linac is used to pré'.]uarter of 1998 and CIPIOS will deliver polarize'cbblam to

accelerate Hons to 7 MeV for Strip injection into a new 24C|S and the Cooler in the first qual'ter of 1999. The CIS lattice

T-m injector synchrotron now being commissioned at [UCHlesign [4], beam performance goals [5,6], and initiddéam

The Cooler Injector Synchrotron (CIS) is designed to inje&trip injection and acceleration commissioning results were

over 10° polarized protons or deuterons per pulse at 5 H¥eviously reported [7,8,9].

into an existing electron cooled synchrotron-storage ring

(Cooler) for nuclear research [1]. The linac, a 3 MeV RFQ 2 LINAC DESCRIPTION

coupled directly to a 4 MeV Drift Tube Linac, is designed to

transmit over 1 mA of 7 MeV Hons to the CIS injection Design specifications for the IUCF Model PL-7 Linac are

beam line with 85% transmissionyimm mrad normalized listed in Table I, and were determined from modified versions

emittance and 1% energy spread. B8O kW, 425 MHz rf  of the linac design codes PARMTEQ and PARMILA. Beam

amplifiers power the linac which accelerates variable pulsgeasurements made during the last year, described below, are

width H ions at duty factors up to 0.2%. We discuss the beatpmpared with these predictions. A layout of the PL-7

performance of this unique linac after a year of service asRkQ/DTL pre-accelerator is shown in Fig. 1, and details of

synchrotron injector, and compare measured beam properties 4 vane RFQ and 22 cell DTL accelerating structures and

with calculations made during design and fabrication. 350 kW amplifier systems are provided in Ref.[7]. The RFQ

1 INTRODUCTION . TABLE T
PL-7 Linac Performance Specifications and Parameters

Negative ion strip injection into the CIS booster

synchrotron is required by the relatively low intensites( IF;FSI/EI;;?%&‘“”Q Frequency 25402 ie'\\A/HZ
mA) of polarized proton and deuteron beam ion sources. Stﬁtﬁ tput Energy (5 - 0 MeV
injection and accumulation calculations for ibins on thin D pF or oy <.0 2 o
Carbon foils (2 — §igm/cnf) predict that a minimum energy Rgt)yetifilgnoRate (variable) - O. 1 _° 10 Hz

of 5 MeV is required to achieve the intensity goals desired for . )
Cooler injection, with higher energies yielding higher intensi ulsg Width (Variable) 35— 336
gains [2]. This led to the selection of an AccSys Technolo aximum RFQ and DTL RF Power 0.35 MW
Model PL-7 Linac as the hbre-accelerator for CIS. The PL- ormal!zed RFQ Acceptange (90%) <1.0mum

7 linac design consists of a modified AccSys Technology ¥ormalized DTL Output Emittance (90%) — Inum
MeV RFQ directly coupled to a 4 MeV, 22 cell drift tubeQUtPUt Energy Spread 75 keV
linac. Beam matching from the RFQ into the DTL is don&uaranteed Beam Transmission 280 %
internally at the RFQ exit and the DTL entrance. Indiana

University and AccSys technology entered into an “Industrid) RFQ Parameters:

Partnership” agreement whereby AccSys designed and built Overall Length: 228.4 cm

the accelerating structures and power amplifiers. IUCF -Matching: 1.0cm

supplied the source, LEBT, RFQ vacuum vessel, commercial -Shaper: 22.3cm

hardware and some manpower support. Fabrication of the —Bunchmg:. 17.1cm

IUCF 7 MeV H linac, the prototype of the present AccSys -Acceleration:  190.1 cm

Model PL-7 design (serial No. 001), began at AccSys in June, Ave. Bore Radius: 0.248 cm

1995 and was completed byEember1996. Vane Voltage: 71 kV
Construction of a booster synchrotron (CIS) to replace the Cavity Q> 7547

IUCF cyclotrons as an injector for the Cooler [1] began in late Peak Operating Power: 295 kW

1994. Beam commissioning of thé lithac pre-accelerator .
and the ring strip injection system began in January 1997 wi DTL Parameters:

a 25 keV unpolarized Hheam and resulted in the injection, Overall Length: 153.7.cm
accumulation and capture of both 3 and 7 MeV protons in ~ No- Cells: 22

CIS. Construction of an intense pulseghlarized ion source Quad Length (SmCo Perm Magnets): ~ 2.54 cm
(CIPIOS) [3] also began in January 1997. Beam acceleration Cavity Q: 30,000
studies beginning in Nov. 1997 resulted in the acceleration of Peak Operating Power: 285 kW
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for these measurements is designed for q/A=1 particlgs (Hhe linac with the DTL turned off as a function of cavity field.
HY). To accelerate deuteron beams, this structure can Dgpically, beam transmission through the linac is 80%,
replaced in the RFQ with a separate g/A = % structure througtthough transmissions as high as 90% have been observed.
a removable lid on the RFQ vacuum vessel. Beam time-of-flight pickups in the 7 MeV transfer beam line
are used to monitor the energy and energy stability of the beam

3 MeV RFQ 4 Mev DTL from the linac. The orbit period of the strip injected proton
1= TJ = beam in the CIS ring is also used to independently verify the
i L energy of the Hbeam extracted from the DTL. At the
T Pl o Oty measured DTL threshold diode voltage of 3.57 V, the rf
capture frequency of an optimally stored proton beam in CIS
T r = ¢ ° N is 2.09730 MHz (h=1), corresponding to a circulating proton
beam energy of 6.990 MeV. The 7 MeVh¢am emittance

- - i was measured to be between 0.6 andtjuth.
HJJM r’lﬁﬂ? I:T ﬂ m The FWHM energy spread of thelldam was measured to
oo O j . bex+ 85 keV via elastic scattering from a 2.5 mgfeu foil
LEE HEE with planar Si surface barrier stopping detectors dt 30
scattering angles. This slightly larger than the predicted value
Figure 1. AccSys Technology Model PL-7 7 MeV Linac  of +75 kV by AccSys was caused by our inability to close the
DTL amplifier cavity field amplitude loop. This is illustrated
3 LINAC PERFORMANCE in Fig. 2. The upper trace is an oscilloscope display of the
TOF energy measurement of a single p8éc long, 7 MeV
For all measurements reported here1a0 mA peak, 25 H- beam pulse from the linac. The two initial peaks in this
keV unpolarized Hbeam from a duoplasmatron source igrace are instrumental “turn-on” noise, while the energy fall off
focused at the entrance of an AccSys Technology model P'—(ZZOO keV) during the last 4@sec is real and mimics the
Linac. Beam is matched to the Linac (RFQ) acceptanggr| cavity field amplitude fall-off with pulse length. The
requirements (symmetric 1.3 mm beam radius and 125 mrggktical scale for this trace is 100 keV/div. The lower trace is
convergence half angle, normalized emittance oftlu®) via  the intensity of strip injected proton beam in the CIS ring (0.2
a Low Energy Beam Transport (LEBT) system consisting @hA/div), which exhibits a similar decrease with pulse length
three Einsel lenses, an x/y steering magnet and an electfRat is not evident on the Hheam stop prior to injection.
beam sweep magnet. Diagnostics including a multi-wire hangyhen amplifier upgrades allowed the amplitude loops to be
an emittance scanner and a beam stop were designed intaciBged, the TOF energy fluctuations were reduced to 25 keV,
LEBT. Measurements of the 25 keViiéam properties at the which reduced intensity fluctuations for strip injected beams.
RFQ entrance ae< 0.6tpm, a = 0.62 an@® = 0.012, well These data illustrate the importance of stable linac cavity
within the AccSys specifications. The small source emittangglds on the injection efficiency of protons into the CIS ring.
is not necessarily an advantage for the PL-7 linac, which wgge TOF energy monitor is continuously displayed during
designed for an acceptance of fLAm. The new polarized routine CIS operations to diagnose and correct linac (DTL)
source, however, will have a beam emittance more closglability problems. Even with the DTL amplitude loop open,
matched to the PL-7 emittance requirements. injection stability is quite acceptable for long running periods
The 425 MHz three stage power amplifiers for the linaghen the Linac is properly tuned and has reached thermal
must provide the required RFQ and DTL cavity fields witlequilibrium after startup. With the loop closed, accumulated
amplitude and phase stabiliies #f 0.5% and+ 0.2
respectively to achieve the 7 MeV beam properties listed Tek SR 2Ms/s
in Table I. Significantimprovements to the frequency, phas |~ = 0
and amplitude loops were required at IUCF to meet the
specifications, which are critical to the injection performanc
goals for CIS. The frequency and phase loops operate "
specification. Until recently, however, the cavity amplitude
were run open loop to achieve the RFQ and DTL require
threshold fields because the amplifiers, based on the EIM/
YU-176 triode tube, had insufficient power to maintair
stability with these loops closed. The amplifiers must typicall
run above 295 kW.

The performance of the linac was characterized |

measuring the properties of the 7 MeVbldam using several : :

diagnostic systems in the 9m transfer beam line between ' ‘epr——av——mgEr—7v — W 355 & 715V
linac and the CIS ring. The RFQ cavity field thresholg) (V 124p408
was determined to be 4.35 V on a diode attached to a snfétjure 2. Scope displays of the 7 MeViddam TOF energy
pickup loop by measuring the transmission of beam throughpper) and first turn proton beam intensity in CIS (lower).

4 Acgs
T

[ 3
[ T
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and stored beam intensity typically varies by less than a feag little as 3Qusec after the DTL cavity reaches full field. The

percent from cycle to cycle. RFQ pulse width must reside within the bounds of the DTL
The focussing properties of the 7 MeVbidam exiting the field anyway to insure that only 7 MeV" libns enter the

linac were determined to be very close to the predictionsansfer beam line, since 3 MeV idns transmit through the

provided by AccSys, which were used to design the transfeinac with equal efficiency as 7 MeV ions when the DTL

beam line optics that match the linac beam to the synchrotreavity field is turned off.

acceptance. The beam line focussing elements and measured

beam envelope are within 5 % of the values predicted using 5 CONCLUSIONS
the optics code TRACE 3D, and beam transmission from the
linac to the stripper foil in the ring is better than 85%. The PL-7 linac has been used for over 14@@s during

the last year to inject 7 MeV protons into the new IUCF
4 BEAM INJECTION & RF CAPTURE Cooler Injector Synchrotron. While some development of the
RF amplifiers was required to achieve the guaranteed beam
The linac delivers a 3@@ec H beam pulse on a 4.5 properties reported here, this linac has proven to be a reliable
ug/cnt stripper foil in the CIS at up to 5 Hz repetition rategnd stable source of 7 MeV kbns for strip injection into
for the injection and accumulation of 7 MeV protons. Twé!S. When delivered, the PL-7 linac was yet another new
bumpers displace the ring equilibrium orbit onto the foil foRccelerator type introduced into the IUCF inventory. With
strip injection and proton accumulation. Typically, arfontinuous support from AccSys Technology, we have
equilibrium accumulation of 8 x #®protons occurs in 200 undertaken the effort to upgrade the amplifiers at IUCF
usec, after which the bumpers are turned off and adiabafierselves to facilitate our understanding and maintainability of
turn-on of a ¥ harmonic rf cavity is started. Only about 2 xhiS system. The accelerating structures have proven to be
10 protons are rf captured and stored 2 msec latter becafiégged and reliable while the beam properties from this
of the short 1/e beam lifetime (< 0.5 sec) in the |0T@rr accelerator are reproducable to the point where no tuning of

average ring vacuum. The captured beam bunch factor is $1§ transfer beam line and little tuning of the ring injection

for an rf cavity voltage of 250 volts. _pgrameters are required to routinely .achleve opt!mum strip
A schematic diagram of the RFQ, DTL and bumper ﬁe|dg31¢ct|on per_formance. Turn-on during startgp is usually

the linac H beam pulse and the injected proton bearilick (30 minutes), and once tuned up, the linac performs

accumulation relative timing required for optimal strip™eliably for long periods of time, becoming invisible during

injection is shown in Fig. 3. We were surprised to find th4ther ring c_ieveloprnent activities sgch as beam acceleration

the DTL cavity field must be at threshold before the 25 keV gnd extractlon studles._ Wg are confident that. these accelerator

beam from the source is injected into the linac or the DTRrOPerties will be maintained as the CIS ring moves from

cavity field clamps to zero. This phenomenon was néf€velopmental to operational status.

observed when testing the linac at AccSys with protons. It is

likely that stripped electrons produced in the RFQ cause 6 ACKNOWLEDGEMENTS

multipactoring in the DTL which prevent its’ rise to full field.

This inconvenience was resolved by pulsing the source The work reported here was made possible by the skill and

extraction HV in time with the RFQ cavity field, delayed by dedication of the technical and profession staff of IUCF, who

were involved in all phases of this construction and
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A 100 MeV SUPERCONDUCTING PROTON LINAC:
BEAM DYNAMICSISSUES

M. Comunian, A. Facco, A. Pisent
INFN Laboratori Nazionali di Legnaro, Legnaro, Padova 35020 ITALY

Abstract

Proton linacs with beam intensities between 10 and
120 mA in CW are under study in various laboratories,
for applications that go from fundamental physics to
energy production and nuclear waste transmutation. The
majority of the projects consider, for energy above 100
MeV, the use of a superconducting linac, which is
particularly convenient for "moderate” currents (10-50
mA). For the low energy part the situation is unclear,
and the advantages of a superconducting structure have
not been generally recognized yet. In this paper we
consider a possible architecture for a 100 MeV linac
based on independently phased resonators, and we give a
first analysis of the beam dynamics issues, and the
resulting cavity specifications. The flexibility of such a
linac, for the use with different charge over mass ratios
and beam currents, will be underlined.

1 INTRODUCTION

The interest for a superconducting proton linac
covering the traditional DTL energy range has recently
grown, in connection with various high intensity linac
studies. We considered in this paper an Independently
phased Superconducting Cavity Linac (ISCL) similar to
those used for low energy heavy ions in many nuclear
physics laboratories like ours, but at much higher beam
intensity, and in a wider beta range. Development of
cavities for this kind of applications has been done
mainly at ANL[1], and other studies can be found in
literature[2]. The high power coupler design and the
beam losses control are specific problems related to the
high beam power.

We show here a preliminary analysis at 352 MHz. Our
attention is centered on beam dynamics issues. we
determined a preliminary set of parameters that could
help in cavity development. The classical chain of

LANL programs (PARMTEQM, PARMILA...) was

2 THEISCL

The linac was designed taking the main beam
parameters used for TRASCO, theNFN-ENEA
feasibility study for a waste transmutation Accelerator
Driven System ADS). In Tab. | we list themain
specifications and the beam characteristics from the 352
MHz 5 MeV RFQ, with some emittance dilution in the
matching line[4]. In the last two rows we specify the two
main constraints of the independently phased resonators:
the surface field and the beam loading per cavity. In
particular the second constraint is specific of high
current machines: in our case we want to feed each
cavity with a single solid state amplifier and the
limitation to 15 kW seems consistent with the present
technology.

Table I: Main specifications of the linac.

Particle species p

I nput energy 5 MeV
Output energy 100 MeV
Beam Current 30 mA
Duty cycle 100%

Input Trans (norm) 04 mmmrad
RMS Emittance | Long. 0.2 MeVdeg
Freguency 352 MHz
Maximum beam |oading/cavity 15 kW
Maximum surface field 25 MV/m

3 THE REENTRANT CAVITIES

Various kind of superconducting resonators were
developed or proposed for tifisrange. Among them an
attractive choice is a modified version of the reentrant
cavities developed at Stanford [5]; in this early work the
feasibility of low{3, single-gap niobium structures with
good RF performance and no serious multipacting
problems was demonstrated [6]. At the frequency of 352
MHz and in the presence of a relatively large bore, these

adapted to this specific problem so to have results baseavities present many advantages: the axially symmetric
on well proven codes (especially for what space charg@ape avoids dipole field components; the single gap
and initial distributions are concerned). We checkefluarantees the widest velocity acceptance and the
various approaches' like Sing|e and double gap Caw“@,(,)SSIblhty of Covering the full interval from 5 to 100
176 MHz and 352 MHz [3]. MeV with only one type of resonator; the simple
The most promising design for 30 mA beam current igeometry, which requires very few electron beam welds,
based on the so-called “reentrant cavities”, that alows for a low construction cost in the view of mass

modified pillbox, cylindrically symmetric and therefore production.  The maximum field achievable in
theoretically dipole free. superconducting cavities is usually limited by the onset

of field emission; single gap structures, then, could



appear less attractive than multigap, high shunt
impedance ones. However the relatively low energy gain
per cavity which is required in our linac design and the
low surface electric field ratio E/E, of reentrant cavities
make them perfectly adequate to the aim. The ISCL
resonator characteristics, calculated by means of the
program SUPERFISH, are listed in Tab. Il. In fig.1 the
shape of the new resonators and the design of the

Stanford cavity are shown.
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Figure1: Reentrant cavity: the Stanford cavity (430 MHz

[6]) and the proposed ISCL geometry (352 MHz).

Table II: Main cavity parameters (SUPERFISH).

Effective length 80 | mm

Effective gap 53 | mm

EJE, 3.01

HJ/E, 32 | Gauss/(MV/m)
r=RxQ 82| Q

R, /Q 18| K/m

4 BEAM DYNAMICS

We have chosen a FODO focusing structure with
period 6BA. As the period becomes longer, a larger
number of cavities can be installed between the
quadrupoles. This design gives the advantage of an
amost constant quadrupole gradient and beam envelope
in the whole energy range. The zero current transverse
phase advance per period is about 55 deg and the initial
depressed one 45 deg. Moreover the adiabatic increase
of the period makes the beam matching easier at the two
extremes, with the RFQ and with the main linac.

The quadrupole parameters can be reached both by
normal conducting and superconducting quads.
Nevertheless, due to the lack of space, it is necessary to
use superconducting quadrupoles installed inside the
same cavity cryostat. A cost-effective design of such
magnets is an open point.

The preliminary power consumption figures in Table
Il are rather conservative.
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Table Ill: ISCL Parameters (30 mA).

Total length 65 m
Synchronous phase -30 deg
Average acceleration 1-1.8 MeV/m
Number of cavities 253
Cavity bore radius 15 cm
Quadrupole gradient 30 T/m
Quad aperture/length 2/5 cm
Output Trans. (nor) 0.6 mmmrad
RMS Emittance| Long. 0.2 MeVdeg
Current limit (losses<10 >50 mA
RF dissipation (R100Q)’ 890 W(@4.5)
Beam loading 2.85 MW
RF sys. pwr. consngr=50%) 5.7 MW
Static cryo. losses (10 W/m) 650 W
Cryo. sys. consNyo=1/500) 0.8 MW
Quadrupoles and aitlaries 0.5 MW
Mains power 7 MW
Pwr conversion efficiency 41%
Table IV: ISCL Structure.
Energy Cavities/p # of # of
[MeV] eriod Periods | Cavities
5+125 1 23 23
125+ 28 2 30 60
28 +30 3 4 12
30 +55 3 18 54
55 + 100 4 26 104
Total 101 253

The linac has been simulated with PARMILA
(standard PC version), using 10000 macro particles and
about 700 elements (concatenated runs). Each cavity is
represented by an accelerating gap. The structure of the
linac, following the scheme of Tab. IV, is generated by
an EXCEL workbook that writes the input files for
PARMILA and reads the results preparing automatically
several plots.

In Fig. 2 (upper part) the most significant parameters
are plotted as a function of length. The transit time
factor is in the range 50-98%. The voltage per cavity is
chosen as to maintain a constant energy gain per linac
length in the two linac parts; from the W plot the first
(about 1 MeV/m) and the second (about 1.8 MeV/m)
part of the linac can be distinguished. The plots of the
surface field and of the energy gain per cavity show that
the constraints are fulfilled.

In Fig. 2 (lower part) we plot the RMS envelopes, less
then 1/7 of the aperture, and the emittances. Due to the
non adiabatic change of the period structure some
residual mismatch cannot be avoided. The emittance
increase is acceptable, and can be partly seen
heuristically as an exchange of energy (equipartitioning)
between the longitudinal and the transverse degree of

" The BCS resistance is 58n



freedom. The transverse degree of freedom is colder
because the ISCL period is 6 times the RFQ period.

We have smulated currents up to 50 mA , and we did
not see losses (10000 macro particles). Smaller losses
must be investigated by other means.

1.00
0.90
0.80
0.70
0.60
0.50
0.40
0.30
0.20
0.10

0 0.00
0 10 20 50 60 70

AW

Energy [MeV],Es [MV/m]
a
o O
\
TTF,En. gain/cav. [MeV]

Es

30 40
Length [m]

Xrms [cm]
Yrmms [cm]

o0 +—/AFH—m—t+——t+——+——F+—+—F+—+——+
5 15 25 35 45 55 65 75 85 95
Energy [MeV]

——Emit. X N(RMS) [cn*nrad]

------- Emit. Y N(RMS) [ont*nrad] T025

- ——Enit. L (RMS) [Mev*deg] -
o TT~———— s 3
£ 3
S e =
> . R
3 2
004 1010 S
5oy 1o E
000 —— et —+ 000
5 15 % 35 45 5 65 5 8 B

Energy [MeV]

Fig. 2: Linac parameters as a function of position, RMEE4]

envelopes and Beam Emittance as function of energy.

5 DIFFERENT MODES OF OPERATION

The ISCL, in addition to a lower power consumption,
has, with respect to atraditional DTL, the advantage of a
considerable flexibility. It allows (see Tab. IV):

1. The compensation of the lack of performance of
some cavities with the adjacent ones;

2. The use of the linac, with reasonable efficiency, at
lower intensity keeping the CW characteristic of the
beam;

3. If the linac is used as stand alone at low current (~1
mA) the field can be increased so to get almost 140
MeV of final energy (Exotic Beam production);
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4. A moderate current of particles with g/A= % can be
accelerated up to a final energy of 70 MeV/u.

Table IV: ISCL Operation modes (CW).

Particles p p d

Peak Current 30 1 <1 mA
Final energy 100 140 70 MeV/u
Beam Power 3 0.14 <0.15 MW
Mains Power 7 2 2 MW
Efficiency 41 7 7 %

6 CONCLUSION

We have designed a 352 MHz superconducting linac,
able to accelerate a 30 mA CW beam up to 100 MeV, to
be injected in the superconducting linac of a waist
transmutation driver, but also able to accelerate, with
good efficiency, 1 mA up to 140 MeV CW, as required
for exotic beams production. Single gap axially
symmetrical cavities (with a single design in the whole
energy range) have been used. Many points of this
design work are preliminary, but can be used as a base
for cavity R&D.
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STATUS OF THE SUPERCONDUCTING HEAVY-ION
TANDEM-BOOSTER LINAC AT JAERI

S. Takeuchi and M. Matsuda

Japan Atomic Energy Research Institute, Tokai Research Establishment
Tokai, Naka, Ibaraki 319-1195 Japan

Abstract

An independently phased superconducting linac has
been used over four years as the heavy ion booster for the
JAERI Tandem accelerator at Tokai since its completion
in 1994. This report describes the status of the resonator
performances, especially the relief of Q degradation of
hydrogen-polluted resonators by applying a sequential fast
precooling method and other possible methods. A big air
leak which happened to cold resonators is also reported.

1 INTRODUCTION

The superconducting heavy ion booster for the
JAERI Tandem accelerator at Tokai is an indepependently
phased linac composed of 46 superconducting quarter
wave resonators, which are made of solid niobium and
niobium-clad copper, and al of which optimum velocities

are 0.1c1). There has been no resonator troubles resulti ng
in cryomodule opening since the completion in 1994.
Heavy ions of Ni, Ge, Se, Zr, I, Au and etc from the
20UR folded type pelletron tandem accelerator were
boosted at accelerating fields of 3 - 5 MV/m per resonator
and transported to the targets for experiments of nuclear or
solid-state physics.

We have a problem called Q-disease that the
resonators in the first four linac cryomodules suffer from
hydrogen Q-degradation, which is due to significant
hydrogen absorption during the electro-chemical surface
treatment and precipitation of hydrides on the resonator
surfaces during slow pre-cooling by the cryogenic system.
A sequential precooling method was applied to the
resonators to increase cooling rates across the
temperatures from 130K to 90K in order to suppress the
Q-degradation.

Recently, abig air leak happened in the linac due to a
beam hit. This paper mainly reports the results of the fast
precooling and the air leak accident. Our efforts to extract
hydrogen from the niobium walls are also reported.

2 RESONATOR PERFORMANCES
2.1 Recovery of Q by Fast Precooling

We found that a severe Q-degradation happened to a
resonator after it was cooled taking a long time between
130K and 90K 2). The cooling rate of 10 -12 K/h by the
cryogenic system is too slow and should be increased to
20 -40 K/h in order to moderate the Q-degradation.
Fortunately, the cold helium gas was designed to flow
into the cryomodules in parallel. The helium flow could
be concentrated to afew cryomodules while the resonators
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in them were cooled down across the precipitation zone of
130K to 90K, and sequentially switched to others.

The first four linac cryo-modules which contain the
resonators ill of Q-disease belong to seven cryo-modules
cooled by a cryogenic system. We tried two modes of a
three-modul es-by-three-modules sequence and a two-
modules-by-two-modules sequence. The cooling rates
obtained by the two modes were 17 -27 K/h and 21-48
K/h, respectively. The reason that the rates were spread
wide is that the four resonators are cooled in seriesin a
cryo-module.

The low-field Q values of the 20 resonators measured
after the two precooling modes as well as the normal
precooling mode are shown in Fig. 1. Resonators of
no.1 to no.16 are the ones in the first four cryomodules.
The Q values were recovered to 65 - 80 % of the off-line
test results by the two-modules-by-two-modules mode,
except the two severely sick resonators no. 2 and 4.
Those two resonators may need a treatment of hydrogen
outgassing to recover satisfactorily.

Figure 2 shows the accelerating field gradients of the
first 20 resonators measured at rf input of 4 watts after
normal precooling in 1995 and after the two-modules-by-

x 160 o off-line/ 40K/h

100 & all together/10-12K/h |
A3-by-3/ 17 - 27 K/h

0 2-by-2/ 21 - 48K/h

10 Q 88063
SoBo2208830880055%09
Ce o~¢

0.1

0 4 8 12 16 20

Resonator number

Fig.1 Low field Q of the first 20 resonators measured
after four different precooling rates across the range
of 130K to 90K; in the off-line tests, after the
normal all-together precooling mode and after three-
by-three and two-by-two sequential precooling
modes.
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Fig.2 Histograms of the field gradients at rf input of 4
watts of the first 20 resonators measured in June,
1995 after normal al-together precooling mode and
July, 1997 after three-by-three modul e sequential
mode.

two-modules mode sequential precooling in 1997, asa
histogram. The mean of the field gradients was recovered
from 4.1 to 5.0 MV/m associated with the Q recovery.

The other 20 linac resonators which belong to the
other cryogenic system have Q values between 0.6 and
1.2 x109 so that the sequential precooling was not
applied to them. In Fig.3, the accelerating field gradients
of all the 40 linac resonators at 4 watts were shown as a
histogram, which were measured at the same time
together with the first 20 resonators. The overall mean
value was 5.4 MV/m so that the originally designed
value of 5 MV/m was attained.

no. of resonators
(/0.5MV/m)

e
©ORN

OFRLNWAUIOON0O

o 1 2 3 4 5 6 7 8
Eacc(MV/m)
Fig. 3 Histogram of the field gradients of all the 40
resonators in the linac measured at rf input of 4
watts in July 1997.
2.4 Resonator Performances after Air Leak

A big air leak happened to the bellows between the
first two cryo-modules on Sunday, May 31, 1998. The
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resonators were cold. The leak continued for about 12
hours untill the resonators were warmed across 80K. The
pressure in the two cryostats were in the range of 10-1
Pa. The liquid level and helium pressure in the dewars
were fortunately stable. The increase of the heat flow into
the cryogenic system was about 23 watts, which was
smaller than the refrigeration capacity per cryo-module of
28 watts. The resonators were once warmed up to the
room temperature. The bellows had pin holes which

seemed to be made by a sharp beam of 180MeV 32511+
of about 1 euA. The leak rate measured later was 17
ml/s. Only from this rate, alot of gas, as much as 1 kg,
is supposed to be deposited on the cold surfaces of the
resonators, the dewars and etc. From an additional fact
that a big increase of leak rate have occured during the
warming-up process, the deposition might be an order of
0.1 kg.

The accelerating field gradients of the resonators in
the first two cryomodules are shown in Fig.4, in
comparision with the data obtained before the leak(The
sequential precooling was not applied to that machin time
period, because of no demands for very high energies).
The degradation of the resonator performances was not
appreciably heavy, fortunately. They did not need heavy
rf processing after the cool-down, either. It seemed that
the niobium resonator surfaces were well protected from
the gas deposition by the outer cans which have only two
small beam holes of 25 mm in diameter.

OEacc 98.5.28 M Eacc 98.6.16
(MV/m)

1 2 3 4 5 6 7 8

Resonator number

Fig. 4 Field gradients at rf input of 4 watts measured
before and after an air lesk trouble for the
resonators on which air was deposited.

3 HYDROGEN OUTGASSING

It isidal to extract hydroden from the niobium walls
by warming them up or by other methods if possible in
order to cure the Q-disease. The quarter wave resonators
are composed of a center conductor made of only niobium
and an outer conductor made of niobium and copper and
both conductors are welded together. It is, at least,
possible to partially heat up only the center conductor.



3.1 Partial Heat Treatment

A spare resonators which was also ill of Q-disease
was used to test the partial heating of the center
conductor. A heater of 1.5 kW was set inside the center
conductor, of which space is evacutated to 10-3Pa. The
top of the resonator was cooled by water. Lower 1/2 - 2/3
part of the center conductor was warmed up to about
600°C and hydrogen of an order of 1x10°3 mol was
outgassed, which corresponded to a decrease of hydrogen
content of 1 - 2 wppm in the niobium. The low field Q
value measured after a slow precooling at a rate of about
12K /h was increased from 1 x108 to 3.3 x108 and the
accelerating field gradient at 4 watt rf input from 2.7
MV/m to 4.0 MV/m. It looks worth applying this heat
treatment to heavily hydrogen-polluted resonators such as
the ones no.2 and 4.

3.2 Plan of ECR Plasma Surface Treatment

A method of hydrogen extraction without heating is
wanted for the resonators made of bi-metals. Any of our
attempts resulted in vain. Our next attempt is a plasma
surface treatment utilizing electron cyclotron resonance at
a micro-wave frequency. Gaseous elememts such as
hydrogen, carbon and oxigen can be sputtered chemically
from the surface3). We expect this method as a dry
method of surface treatment for the superconducting
niobium structures; that is, as a final surface treatment of
rf superconducting cavities in place of heat treatment or
high pressure water rinsing, or as a non-chemical surface
re-processing method in case of heavy pollution.

A conceptiona planisillustrated in Fig.5. The ECR
condition will be afrequency of 2.45GHz and a magnetic
field of 0.09T. A resonator is co-axially placed in a
solenoid. Investigations will be made with hydrogen,
helium, oxigen or nitrogen gas.

4 OTHERS

4.1 Resonator control

Every resonator is controlled in a strongly coupled
self-excited loop with phase lock and amplitude feed back
functions. Six control modules made by Applied
Superconductivity Inc. are used, each of which can
control eight resonators. The rf power amplifiers were
recently tuned up from 100 watts to 150 watts and moved
close to the cryomodules in order to improve the stability
at high field gradients. The resonator control is working
well on the whole.

4.2 Cryogenic System

The cryogenic system is divided into two identical
systems with refrigeration power of 250 watts. They
have been working well except valve control troubles.
The proportional valves are pneumatically driven and
sometimes did not open as demanded. So that, an
operator must make sure when time comes in a
precooling period.
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4.3 Beam Transport

The beam transmission was 40 - 100 % from the
expectation in the past. After mis-alignment of 0 - 2 mm
was found and fixed, the transmission was improved to
about 80 - 100 %. An improvement was also given to
the nine quadrupole doublet lenses placed between the
cryomodules. They have now alternative focusing(F)-
defocusing(D) planes as FD-DF-FD-DF- - -. The first four
of them and the last four of them are simultaneously
controlled, respectively, and the center one is turned off
because there should be a beam waist point near the
position. It made beam handling easier.

e—— 1 .

TMP

2.45GHz
launcher

0.09T Solenoid

FIG. 5 Set-up plan of ECR plasma surface treatment for
superconducting quarter wave resonators

5 CONCLUSIONS

The superconducting quarter wave resonators in the
JAERI tandem superconducting booster have amean field
gradient of 5.4 MV/m, which is higher than the designed
acceptance value of 5 MV/m, at the rf input of 4 watts,
after carrying out the sequential fast precooling for the
first 20 resonators. Resonator performances were found to
be stable against a big air leak. Effective methods of
hydrogen extraction from niobium are being investigated.
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MEBT DESIGN FOR THE JHF 200-MeV PROTON LINAC

T. Kato and S. Fu
KEK, High Energy Accelerator Research Organization
1-1 Oho, Tsukuba-shi, Ibaraki-ken, 305-0801, Japan

Abstract accelerated to high energy and lost or get into the ring.
Therefore, a fast-chopper design is being pursued in
The medium-energy beam-transport line of 2.7 rArder to decrease the number of unstable particles.
long for the JHF 200-MeV proton linac was designed. It The medium-energy beam-transport line (MEBT)
consists of eight quadrupole magnets, two bunchers adgtween the RFQ and DTL has been designed to
two RF choppers, and has two purposes: matching tBecomplish the two tasks: beam matching and chopping.
beam from the RFQ with the acceptance of the DTL! consists of quadrupoles, bunchers and RF deflectors.
chopping the beam to produce a gap of 222 nsec betwdéhconserve the beam quality, the line should not be too
pulses of 278 nsec for the injection into the followindong and the beam needs to be well focused without
rapid-cycling ring. The JHF proton linac is an intenséarge-amplitude oscillation. The line must also leave
beam accelerator with an average current of 0.2 mA ffficient space for the beam diagnostics. The RF power
the first stage and of 0.8 mA for the future upgradgequirement for the RF deflectors should be within the
Therefore, the key point in the MEBT design wagapability of the up-to-date solid RF power supply.
focused on the control of the beam emittance growth in In this report, the design details are delineated. At
the beam line and the beam loss during transient timesfst, the MEBT design is proposed in the second section.
the chopper. An RF deflector is utilized for the choppe®ection three describes the RF cavity of the deflector.
owing to its characteristics of high deflecting field and he fourth section presents analysis of unstable particle.
compactness. The beam edge separation between fiigally conclusions are drawn out.
chopped and the unchopped beams reaches to 6 mm with
a deflecting field of 1.6 MV/m. The field distribution 2 DESIGN OF THE MEBT

(both E and B) of the RF deflector froMAFIA In order to describe the beam-deflection behavior,

calculation is directly read into the modified TRACE3'DTRACE3-D[3] has been modified so as to include a new
for the beam line design. The beam losses during Riement: RF deflector. The field distribution in the

transient times of the chopper, analyzed by both LEBl,yity is calculated from MAFIA[4] and directly read
and PARMILA codes, are less than 0.08% at the exit %to TRACES3-D. In this way, the fringe E&H fields

the 50-MeV DTL. beside the deflecting electrode can be taken into account.
The output beam from the RFQ is assumed to have
1 INTRODUCTION the parameters listed in Table 1. Type A stands for the 30
In the JHF linac thedmm intensity is high in terms of MA case and Type B for the 60 mA case for upgrading in
both the pulse current and average current[1]. Therefot@g future. The MEBT design is proposed with a total
beam-loss control is a very essential requirement in ti@ngth about 2.7 m (Fig. 1). In the beam-profile plot at
accelerator design_ Beam_qua”ty degradation mainEhe bottom of the figure, the beam centroid offset in the
occurs in the low-energy sections. It has been realiz&ddirection by the RF deflectors is depicted by the dark
that beam matching is of great significance fogurve. The beam dump will be pOSitionEd at the element
minimizing the emittance growth and avoiding beaml18 for the chopped beam. The design procedure has two
halo formation, which has been recognized as one of tRtepS. At first, the beam line up-stream of the element 18
major causes for beam losses|[2]. is designed aimed at the largest separation between the
The 500psec-long macropulses from the ion sourcéiNnchopped and chopped beams at the element 18. Then,
need to be chopped into sub-pulses for injection into tiBe unchopped beam is further transferred so as to match
following 3-GeV ring. After chopping, the macropulseWith the acceptance of the DTL.
consists of 278 nsec long pulses and 222 nsec long gaps
in between the pulses. The chopped pulses should havéa®le 1. Input beam parameters at the MEBT entrance.

clean cut at the head and tail to avoid beam losses during Parameters Type A| TypeB
injection into the ring. During the rise and fall times of | (mA) 30 60

the chopping field, however, there are some unstahle ¢€",,. (TTmm-mrad ) 0.187 0.375
particles, which are partially deflected; they may be ¢, (MeV-Degree ) 0.133 0.266

Y 0On leave from China Institute of Atomic Energy
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N T e e e 30 mA beam was input into the designed beam line. The
result shows that the same beam line is still applicable.
7 /('\\ Of course, the edge separation becomes smaller (about
0 e gz \\_)/ 3.6 mm for the input rms emittance of 0.@%m-mrad).
¥y b But it is still sufficiently large for chopping the beam.
Gom x| 50000 rmas g oo m x| 16000 et The beam emittance growth for the undeflected beam
e Pl e st g s has been studied by means of PARMILA§&hulation
P sl with 10,000 particles. Figure 2 shows the RMS
S byl { emittance variation versus the element of the beam line.
e —— . ’ The beam has an RMS emittance growth of 7.7%, 9.5%
and 4.8% in the X, y, z directions respectively.

e — e The same beam line can also be used for input beam
R s eald] "7 .. Type B. Only a very slight adjustment in the gradient of
the Q magnets and the bunchers is necessary for large

deflection and matching. For Type B, a higher deflecting
field of 2 MV/m is needed to generate a 5-mm beam
edge separation, due to the fact that the beam envelope is
larger than that in Type A. The PARMILA run shows

-20.00 mm {Centreld seals]

30200 mm (el pengtie 310033 that the RMS emittance increases by 10%, 6%, 8% in the
X, Y, z directions, respectively.

Fig. 1, TRACE3-D output of the MEBT for Type A.
The up-left gives the input beam phase spaces and 1 1°
up-right gives the matched beam with DTL. The botton

The edge separation between the chopped aid
unchopped beam is 6 mm at the dump, when both of tI2
RF deflectors have a deflecting field of 1.6 MV/m. This o A s 12 16 20 24 28
large separation is contributed from not only the two Rl No. of Element
deflectors, .but_allsq_the fourth quadrupole-element 16. Fig.2. RMS emittance growth vs. the beam line
The deflection is initiated by the two RF deflectors at aBiements for Type A.
angle of 6 mrad for each, and is then amplified more
than two times by the quadrupole. Downstream of the 3 RE CHOPPER DESIGN
quadrupole, the deflection angle becomes 30 mrad.

Owing to this reason, the RF deflectors do not require A 324-MHz RF deflector cavity was designed and a
much RF power for an adequate deflection. cold model was tested[6]. The design philosophy is a

The first three Q magnets also contribute to th®w power demand from an RF power source and a fast
realization of the large separation. They should bése time during pulse transient time. To hit the first
adjusted for a small beam profile in the deflectingarget, the cavity geometry was optimized for maximum
direction at the fourth Q magnet. Since the deflectedQ, with MAFIA code under thdéimitation of the beam
beam centroid is more distant from the quadrupole’s ax¢#ze; here Z is the transverse shunt impedance atieQ
than is the undeflected beam envelope at the Q magnetfdoaded Q value. To reach a fast rise/fall time, the
gives a larger defocusing to the deflected beam, but leggvity is heavily loaded by two coupling loops as
defocusing to the undeflected beam. The first thrégput/output ports. Simulation wittiFSS code shows
quadrupoles should also keep the beam envelope in tHi¢ cavity can reach a very low loaded Q of 10 by means
section not too large in the y-direction in order to avoi@f two large loops with the size of ¥518 mm in the
any large emittance growth in this direction. In the RFDnaximum-flux plane. To generate the deflecting field of
section, the beam size in the x-direction must be small&6 MV/m in the electrode gap, an input power of 22.2
than the gap between the deflecting electrodes so askWy is demanded from an RF power source, according to
avoid beam losses on the electrodes. HFSS simiation. If the loaded Q becomes 15, the

In case that the beam emittance from the RFQ #emanded power decreases to 14.8 kW. An additional
larger than the assumed value for Type A, a relativegower is needed to account for the deflection of the
larger initial emittance between Type A and Type B fobeam bunch with a half phase-length about @ge

Fig.1). Therefore 1.2 times of power are required.

[ TN/
L

9
shows the beam profiles in the z, x and y direction g j: i
respectively. The dark curve traces the beam centrog P v /
offset by the two RFDs. Thelement numbers are § 5 | | : A
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An aluminum cold model cavity was manufactured When the field is more than 80% of the full value, the
for demonstration of the low loaded Q. The results shoparticles in a micro-bunch are almost totally stopped by
a good agreement with the simulation: the measuréde scraper. On the other hand, when the field is less
Q.=9.7. than 30%, the unstopped portion of the particles can be

injected into the acceptance of the DTL, according to
4 ANALYSIS ON UNSTABLE PARTICLES TRACES3-D simulation. Thus only during the field-
variation time from 30% to 80% of the full value, the

It is very crucial for the chopper to have as fe% . ;
. . ) . am will become unstable. However, not all the particles
unstable particles as possible during the RF rise and faﬁ

. . . In the beam become unstable, because some of them can

times. It is noted that the beam will not become totally,. . .

unstable particles during the transient times because t t('é” be s_topped l?y th.e Scraper, as |IIustrat.ed in follows.
During the rise time, two bunches at field of 10% and

scraper_at th? element 18 in Fig. 1 can s_top some par.tS%f% amplitude do not become unstable beams. The other
the particles in a beam when the RFD field is not at 'tﬁc‘/v

0, 0, 1 1 i
full amplitude. To investigate the unstable particles 0 bunches at 40% and 65% field amplitude partially

during the transient times, PARMILA simulations Withcontrlbute 0 the gnstable par.tlcles. During the fall time
. : : o one bunch is subjected to a field of 50%. Thus, for this
5000 particles in uniform initial phase space wer

0 )
conducted. A particle scraper with an aperture of 20 m%unch, only 58% Of. the _partlcles beco'.“e unstable.
. A » otally, during transient times, the particles in 1.6
in the x-direction is positioned at the element 18. As t%aunches become unstable at the exit of the MEBT
RFD field increases toward its full value of 1.6 MV/m, '

. - : A further investigation concerning the behavior of
the unstopped patrticle ratio in a bunch declines, as the ) . . .
o e transmitted unstable particles in the following 50-
curve shows in Fig. 3.

MeV DTL is conducted by means of the LEBT and
PARMILA codes. Three scrapers are mounted in

100 ¢ between the three DTL tanks with a slit full width of 6
g 0} mm. At the exit of the DTL, the ratio of the transmitted
g 80 ¢ > P A unstable particles is further reduced to less than 0.08%
S 70 il oy e by the scrapers, as denoted by the circles in Figure 3.
é 60 Also the scrapers do not block the unchopped beam.
8 50 ¢
£ a0 5 CONCLUSIONS
o L
g %0 ¢ The MEBT for the JHF linac is designed for
§ 0 g N matching and chopping the beam. The beam line is
5 10 ; compact with a length of 2.7 m, owing to application of

RF deflector. With the help of a quadrupole the chopper
has a high deflection efficiency. The unstable particle
ratio in the RF transient times can be reduced to less

Fig.3 Unstopped particles ratio in one bunch vs. thH&an 0.08% at the exit of the 50-MeV DTL.
deflecting field variation. The arrows indicate the bunch
distribution during the RF rise and fall times. The curve ACKNOWLEDGMENTS
indicates the ratios at the entrance of DTL and the The authors are very grateful to Y. Yamazaki and F.
circles those at the exit of DTL. Naito for their great support to this work and fruitful
discussions.
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FIRST BEAM STUDY FOR THE 432-MHZ DTL

F. Naito, K. Yoshino, T. Kato, Z. Igarashi, M. Kawamura, E. Takasaki,
Y. Morozumi, C. Kubota, T. Kubo, M. Ono, S. Anami and Y. Yamazaki
KEK, High Energy Accelerator Research Organization
1-1 Oho, Tsukuba-shi, 305-0801 JAPAN

Abstract 2.1 lon source, HEBT and RFQ

The first beam extraction from the 432-MHz DTL has T¢ volume-productivéon source [3]supplies the H

been carried out in the test stand of KEK. Both MEBT adaam of the maximum 16-mA peak current. The
HEBT were assembled in the beam line for the be@sh g raction voltage of the iosource is 5kV. The LEBT
The DTL hasacceleratedhe 3-MeV H ion ejeptedfrom is composed ofwo solenoid magnets. The RFQ has the
the RFQ up to 5.47 MeOV. Theneasuredratio of the ¢4, vane type structure. It accelerates théohs from 50
beam transmission is 91 %. KeV to 3 MeV. The resonanfrequency ofthe RFQ is
432 MHz. Theaccelerating field othe RFQ isstabilized
1 INTRODUCTION z ing f Q lsstabiliz

by the pi-mode-stabilizing loop. [4]

The low-energy part of the 1-GeV linac for thapanese
Hadron Project (JHP [1]) has been constructedriier to 2 2 MEBT
establish the constructidechniquesandstudy thebeam
properties. (The scheme of the JHRdiferentfrom that ~ The MEBT [5] consists of eight quadrupole
of the JapaneseHadron Facility (JHF [2]) which was €lectromagnets (Q-magnets [6]), a buncterd two
proposed recently as the modified version of the JHP.) steering magnets. All components of the MEBT are

The test linac system consists of theidh source, the aligned onthe same table. Thus, the alignment of the
radio frequency quadrupol(RFQ) linac and the short MEBT has been done by tuning the position of the table.
Alvaretz-type drift-tubelinac (DTL). Thebeam-transport ~ The buncher is a single-cell reentrawtvity. The gap
lines connect them. The high-power test of the DTL wd§ngth is 8.99 mm. The resondrequency and measured
completed insummer of 1994. Thereparation for the Qo value of the buncheare 432 MHz and 21700,
beam study of the DTL wastartedsince 1997 because respectively. The maximunrf-power of 10 kW is

the beam study of the RFQ had been completed. supplied by the solid state power amplifier through the
WX39D coaxial waveguide. The buncher $gt in the
2 SETUP FOR THE BEAM STUDY middle of the MEBT. Two small steering magnets are

The components of our linac systere asfollows: 1) installed between the QD1 and QF2.

the H ion source; 2) théow-energy beam-transport line 2.3 DTL
(LEBT); 3) the radio frequency quadrupdiRFQ) linac; 4)
the medium-energy beam-transpdirie (MEBT); 5) the '
Alvaretz-type drift-tube linac (DTL); 6) thdigh-energy e DTL is about 1.2 m. Aermanenguadrupolemagnet
beam-transportine (HEBT). The layout of thelinac (PQM) is installed ineachDT. The average field gradient

system from the RFQ to the HEBT is shown in figure 1.07 the PQM is 211+ 1.3 T/m, which is about 20 %
stronger than the design field (175 T/m). [7] Tdbserved

Q, value is 43500. It is about 90 % of tlwalculated
value. The Q value is sufficiently high. Theneasured

The DTL has 1&8lrift tubes (DTs). The total length of

1660

987 624
165 70 100 70 65

60 120 50 260 (50,80 50 200 S0 120 S 130 70 60 70 11666

DTL

RFQ

QF : focusing quadrupole magnet
QD : defocusing quadrupole magnet
GV : gate valve

ST : steering magnet

BLH : analyzing magnet

FC : faaday cup

GV : gate valve

Fig.1 Setp of the DTL beam eperiment
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shunt impedance(Z) is 82 MQ/m. It suggests gpeak RFQ. The rf-powerlevel of the DTL isadjusted to 170
power of 128 kW for the 3-MV/m accelerating field. ThukW by parametersurvey. Figure 2 shows thd-field
rf-power of about 150 kW isrequiredfor the acceleration patterns for the DTL and the buncher

of 10-mA beam. The maximurelectric field onthe drift
tube corresponds to 75% of Kilpatrick’s limit. [8]

The accelerating field is stabilized bthe eight post
couplers. The field distribution stabilized by pasuplers
is sufficiently uniform £ 0.3%) and stable.

The current transformer€CT1, CT2) for the beam
current measurement are installedeschendplate of the
DTL.

2.4 HEBT

The HEBT conS|s_ts of fpur Q-magnets, Iaendmg 3.2 Beam Transmission
magnet [9], a profile monitor, dransverse emittance
monitor and two faraday cups. (W& not use theQD2H Figure 3 shows the output signals from CIrdCT2.
magnet between the bending magneand the profile  The upper ling“A” line) shows the beamurrent at the
monitor.) The bending angle of the bending magnet is htrance othe DTL andthe lower(“B” line) the output
degrees.The momentum distribution isneasured by beam current from DTL. One vertical divisicorresponds
using a set of the bending magnet and the prafid@itor. to the current of 2mA. It shows that the inpuand the
The effective area size tifie profile monitor is 16 mm X output beamcurrentsare 10.7:0.13 and 9.20.13 mA,
16 mm. The beam distribution isead bytungstenwires respectively. Thus, the transmission of the DTL ist94
(0.1 mm in diameter) of 1-mm pitch. % in this stageBecausdhe beamcurrentfrom the ion
The faradaycups (FC1, FC2)measurethe total beam source is 180.9mA andthe transmission of the RFQ is
current. The FC1 works as the beam dungthe FC2 82.5%, theestimated beam curreritom the RFQ is
measures the beam current of the selected momentum. 10.70.7 mA, which consists with the inpubeam
current inthe DTL. The reason fdahe missing beam of
3 MEASUREMENT about 9 % is still unknown. We willcheck the
Because this study is the first beaceleration by the followings in order to find its origin; 1) Transverse
DTL, the averagebeam current isreduced inorder to Mismatching at the DTL entrance due to a 21-% excess in
minimize the beam loss. Then, the pulse length of tiBe strength of the PQM; 2) Alignment of the total
beam isreduced to 5Qusec, whichcorresponds tahe rf-  acceleratingsystem, especially, the Q-magnets of the
pulse length of the RFQ. The repetitioate is 10 Hz. MEBT; 3) a fraction of particles other thanibins.
Thus, theduty factor of the beam i9.05 %. (The
designedduty factor is 3 %.) The rf-pulse length of the
DTL and the buncheare 200 and 140 psec, respectively.
The peak current of the beam, comes from the ion sour
is about 13mA during the study. The coupling constant
the input coupler to the DTL tank has been incrediad
1.0 to 1.25(over coupling) against the beam loading b
rotating the coupling loop before the beam experiment.
The DTL, MEBT and the HEBT were aligned in the
RFQ beam axis by using a laser alignment system.

Fig. 2 Tank rf-field.

A: RF-field in the Buncher
B: Reflection from the DTL
C: RF-field in the DTL
(Abscissa: 5Qusec/div)

3.3Beam Energy

Fig. 3 Current monitor signal.
A: Incident beam into the DTL
.......... B: Output beam from the DTL
Abscissa: 2Qusec/div
Ordinate: 2 mA/div

3.1 Tuning of the Parameters
9 The beam momentum isneasured onthe profile

The main parameters to be tuned are as follows: 1) Thenitor by changing the excitation current of thending
field strength of the Q-magnets of the MEBT; 2) Thenagnet in the HEBT. The beam momentum hasn
level and the phase of rf-field in the buncher; 3) The levehlibrated byusing the beam from the RFQ without the
andthe phase off-field in the DTL; 4) The strength of acceleration irthe DTL since the bearmanergyfrom the
the steering magnetslhese parameters were tuned irRFQ was already measured. The resffitgire 4) include
order to maximize the beam transmission in the DTL arntree kinds ofdata taken by changing the excitation
minimize the momentum spread of the begettedfrom current of the bending magnet. The abscissa isetieegy
the DTL. of the beam. The Gaussian distributiomrve has been

The buncherequiresthe rf-power of 5.6 kW. The rf- fitted to thedata in order teestimate thecentervalue and
power in the RFQ waadjusted toabout 480 kWwhich the width of the kinetic-energgistribution. Theaveraged
is an adequate power level for the standard operation of tentervalue andthe full width at half maximum of the
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fitted curvesare 5.47 and 0.21 MeV, respectively. The
width of the distribution will be checked by the 4 CONCLUSION

simulation. The first experiment of the beaatceleration by the

432-MHz DTL has been successfully performed in the test
stand of KEK. The DTL accelerateshe 3-MeV H ion

6.0 o 1rien ejected fromthe RFQ up to 5.47 MeV. BotMEBT and
L 175.4A HEBT, assembled for the beat®st, worked well. After
- S gégﬁ the survey of the Q-magnet strengihd the rf-pulse
40l Vol - — - 175.4A parameter for the tanks, the transmission of 2L % has

been obtained. The measurement of the beam emittance
will be done soon.
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RECENT DEVELOPMENTS AT THE NIRS-HIMAC INJECTOR

Y.Sato, T.Honma, T.Murakami, A.Kitagawa, K.Tashiro, M.Muramatsu, S.Yamada and Y.Hirao
National Institute of Radiological Sciences (NIRS), 4-9-1 Anagawa, 263 Inage-Chiba Japan

T.Fujimoto, H.Sakamoto, M.Yamamoto and T.Okada
Accelerator Engineering Corporation (AEC), Chiba, Japan

Abstract the RF system of the injector are also necessary to stably

, accelerate heavy ions with &tm of around 1/7, which
At NIRS-HIMAC, 473 patients have already beerborresponds to the maximum design value.

treated using carbon beams by August, 1998. Therapy iSrhe apove-mentioned developments in the injector are
scheduled in the daytime, while basic research is carrieghinly discussed from the viewpoint of reliability; also,
out during the nights and on weekends. Various i0fe status of some experiments in basic research using
species from Proton to Xenon have been used for bagfev/n beams (from the injector) are briefly reported.
research. Much effort was made to develop a time-

sharing-acceleration system to well utilize the capability )

of three ion sources (PIG, 10GHz-ECR, 18GHz-ECR). 2 TIME-SHARING ACCELERATION

Such recent developments in the injector are described 1 Magnet

this paper. Several applications of linac beams with an

energy of 6MeV/n are also briefly presented. As previously mentioned, the purpose of this TSA-

scheme is to simultaneously supply different ion species
1 INTRODUCTION f_rom three ion sources to three courses: two synchrptron
rings and the medium-energy experimental course. Figure
Since 1994, HIMAC has been routinely used for botth shows a schematic drawing of the HIMAC injector. All
clinical trials of cancer therapy and basic research. Detaité the DC magnets in the existing injector were replaced
concerning the HIMAC facility and its design philosophyby pulsed magnets by the end of March, 1998. For
have already been reported at linac and acceleratdesigning these pulsed magnets, a response time of
conferences [1, 2]. 100ms is necessary for the normal TSA operation, in
Taking account of an increase in both the number afhich the injector is operated with a repetition rate of
patients and requests for basic experiments, it is necess@8z at maximum and a typical pulse width of 1ms.
to effectively increase the available beam time and tHeractical improvements and modifications concerning the
kinds of ion species. During this year 16 themes ibeam diagnostic devices are under progress for routine
medicine, 64 in biology, and 47 in physics are actuallf SA operation.
being carried out in basic research. To answer these
various requirements, a time-sharing-acceleration (TSA)

scheme has been developed in the injector [3]. By usir~ o\ Foil Sf”ppe’ 8kev/n
this scheme, three kinds of ion species can bring=2

simultaneously delivered from the injector to two ‘@ Alvarez

synchrotron rings and a medium-energy (6MeV/n Debuncher

experimental cave. Experimental EMeV/n 0.8Mev/n

In order to expand the usable ion species, improvemerteurse

in the ion sources have also been made. In order to ] . o
precisely and actually measure the ion-stopping positidii9-1 Schematic drawing of the HIMAC injector. Under

in a human body, the application of positron emitteff SA operation, one injector works as if it were three.
nuclei with a PET camera is in progress. A secondary-

beam course was installed, and a preliminary test has

been made for the production 8€ by bombarding a 2.2RF

thick beryllium target with high-energy’C beams
through the reaction process of projectile fragmentatio
The production rate dfC was around 0.2% and its purity
97%. A conS|dera_bIe Increase in the primary beam eciesé/m). It is generally impossible to quickly control
hecessary to o_btaln sufﬂcu_a\nt |nten_3|ty in the secondaIE e tuning of cavities with mechanical tuners. In our case
beams for medical application; particularly developmentﬁ1e highest power level is chosen; then, the tuning is

in the ion sources are expected. Related ImprOvememsdﬁtimized to this fixed condition. Although the cavities

An important point is to stably operate the RF system of
rﬂ?FQ and Alvarez cavities (100MHz) under different
ower levels, each of which corresponds to a different ion
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are not precisely tuned for the other two power levels, tHEABLE |. Typical peak intensities at the RFQ, in which
RF operation is now satisfactorily stable ®mvalues the normalized acceptance is fin@mithrad. The
between 1/2~1/6. Careful tests are now under way tnansmission efficiency through the RFQ is about 93% for
terms of the stability for the case of very widatrvalues, the below-listed intensity region.

such as 1~1/7.

Another RF problem was occasional sparks in the final ~ PIG 10GHz-ECR 18GHz-ECR
amplifier for Alvarez at a high power level. ThisElements pA Elements A Elements (A
phenomenon seems to mainly originate in the reflectedHe”™ 550 H 360 Ar’ 280
power from the loop coupler of the Alvarez tank when C*' 650" c” 250 Fé 35”
sparking occurs, and to be enhanced at the amplifieNe” 500 Né" 350 Kr*" 60
output-cavity. It was thus difficult to stably accelerate Si™ 200" Ar” 200 Xé” 50"

heavy ions with are/m of around 1/7. Concerning this Ar” 300

prOblem, an idea has been testEd, which is to Sllghtm by Sputtering the graphite W|th2(+[‘Ne) for d+, and

detune the amplifier output-circuit seen by the feedline, in  the silicon single crystal with Kr for®Si

order to make its impedance smaller at 100MHz and {: Fe(CH,), powder is used with Jor Fé".

suppress the amplitude of standing waves (SW). Alongs: abundance 6¥Xe is 27% and'Kr 57%.

this line, a cold test was carried out by adjusting the

position of a short panel in the output cavity while3 1 p|G

observing the SW-signal through the directional coupler,

as shown in Fig.2. All of the results, including a high- In the typical production of Siby PIG, the arc power is

power test, show that a frequency shift by 0.32MHz fron8kW in peak (5A, 1200V), and the arc pulse width is

100.93 to 101.25MHz allows the amplitude of sparks td.5ms; the duty factor is 0.15%. An extracted intensity of

be reduced down to 30% with no reduction in the RF00&IA has been routinely obtained by sputtering the

power transmission. RF-down times due to sparks h&dicon single crystal with Kr (~0.15cc/min). The stably-

thus become rare; it is possible to stably accelerate heaigable lifetime will be on the order of one week,

ions, such as X&, though small sparks may still occur independing on the arc power and elements; the recent

the tank. results for ST showed that it is 70hr with no adjustment.

The electron bombardment power (~500W) to the upper

cathode is stabilized in such a way that the error signal is

fed back to the filament current, which is effective for

H Cﬂ—D stable operation in such a low-duty pulse mode. Figure

— 3(a) shows a pulsed beam-waveform of Ar

Amphg;;K ¢
Short panel Alvarez 3.2 10GHz-ECR

Fig.2 Schematic drawing between the final amplifier and Usually, carbon beams for radiotherapy are supplied
Alvarez. A network analyzer is connected to a directiondfom 10GHz-ECR with CE(0.07cc/min); this source is

coupler (DC) to analyze the spectra of standing waves. basically maintenance free as long as gas materials are
used. For the production of"'Cthe microwave power is

about 500W with a pulse width of 8ms. An extracted
3 ION SOURCES intensity of around 35Q& has so far been routinely
obtained owing to optimization for the position of the

In the HIMAC injector, three ion sources have bee@yiraction electrode. A few hundreqi®e of “C* and
operated in the pulse mode: PIG, 10GHz-ECR, 18GHzsp 5 10 also produced for the nuclear physics

ECR. All sources are normally operated at around 1Hgynheriments. Figure 3(b) shows a pulsed beam-waveform
according to the trigger pulses from synchrotronsys o+

meanwhile the pulse width depends on the sources and

elements. The detailed design of these sources has alreg(.ig 18GHz-ECR

been presented [4-6]. The present performance for

typically-used ion species is listed in Table Each The production of heavy-metal ions has just started by
intensity is measured in front of the RFQ. In addition tasing a newly-installed 18GHz-ECR with high extraction
Tablel, several hundredpé of N* and G can also be voltage (~60kV). For producing Fe Fe(CH,), powder
easily supplied from three sources, though they are nbas been preliminarily used with gas-mixing of, O
usually used. Although the transmission efficiency0.02cc/min). The lifetime is mainly subject to the amount
between the source and RFQ is quite good for 10GH»f powder (0.15g at most), and the test results suggest that
ECR (~70%), it has not yet been well optimized both foit is on the order of 70~80hr. Under the after-glow mode,
PIG and 18GHz-ECR, depending on the elements. a 45@A of F€" has been obtained from the source; the

Feedline

77



P Pulse-radiolysis experiments were carried out using
He™ in order to measure the time-dependent yields of
3SOE‘M water-decomposition products by the scavenger method.
froefionsstomere s S The product yields were found to be smaller than those
| S—— ] determined by electron beams.
A e povers oow b The energy loss of Af in a Z-pinch helium plasma has
m—w—JT been observed using a TOF method. The standard Stark-
' e broadening diagnostics gives an electron density ranging

B i
Fig.3 Pulsed beam-waveforms for PIG (a) and 10GHFOM 4 1o sx10/cnt for a helium plasma. The observed
nergy loss exceeds the value for cold helium gas, and

ECR (b). In such a low-duty pulsed PIG, the output of . o
8 (p: ) ; T ; _ grees with the Bethe theory modified for the plasma.
Ar~" (highly-charged ions) is high during the early 6 7mé& The micro-structure of plasmid DNA (pBR322)

[4]. For the production of Cin the 10GHz-ECR, a irradiated with € was analyzed using time-resolved

smooth and rapid rising, and a clear afterglow-peak seehﬁ .
to be essential as an indication of stable operation. uorescence spectroscopy. The molecular behaviors of

ethydium bromide (EB) intercalated between the base-
pairs of DNA showed that the distance between the base

microwave power is 1.2kW with a pulse width of 6ms'pairs was expanded by 50% with the irradiation. The

After its acceleration up to 6MeV/n, aboutudeof F&* anticipated deformation in the double strand of the DNA

or 10@uA of FE*" can be obtained by stripping throughhalS thus been proposed. . . .

the thin carbon foil (10gy/cnd). In the latter case, the In order to strongly promote biophysical experiments,
’ t

usable intensity from the synchrotron is on the order (EFE dosimetory of Cbeams has been conducted behind a

1x10pps. The pulse width of the afterglow peak is abou n Harvar (metal) foil with a thickness of i and a
S - ... diameter of 20mm. The results showed that the range of
1ms, which is sufficiently long compared to the |nject|0r{

. . he beams was 14.2cm in air, and the long-time durability
time (~16Qs) of a synchrotron ring. The sextupole : . . .

. . of this foil against the atmospheric pressure was
magnet was optimized in order to expand an ECR zone

(size of plasma), which resulted in an improvement of th%atlsfactory. A secondary-electron emission-type profile

vield by a factor 2-3 for gaseous ions: hence, f&Oef monitor (SEEM) has also been developed for irradiating

Ar® and 400gA of Ar® can be obtained from the source.blomglcal materials, such as cells.
Careful cleaning and sufficient aging of the gas-feeding

quartz tube are essential to well maintain the SOUrGe. ¢ accelerator physics and engineering of NIRS

operation. . . :
Recorig 10 h rsuest o bai esarh grouS20°0,, O S o any fendy gt
Mg®, cd’, Ti"" will be produced by PIG, and”SCF, gm pp

Ni* by 18GHz-ECR. B and F will also be tested by one basic research.
of three sources.

arc voltage‘\g—*J’—““_‘ 3
- <1000V |f
250euA”} |

e |

— 3 >
10ms ]

The authors would like to thank their colleagues at the

REFERENCES

4 BASIC RESEARCH [1] S.Yamada, et al. "Present Status of the HIMAC

Several groups in atomic- and bio-physics hay
conducted experiments using 6MeV/n heavy-ion bea s]
from the NIRS-HIMAC injector linac [7].

The projectile chargez)(dependence on the electron- 3
emission rate from Al-foil (3Q@y/cnf) has been [3]
measured using fully-stripped ions (He~Ar). The forwar(f4]
enhancement and its strong dependencezowere
observed; the ratio between the forward and backwa[g]
was 1.67 forz=18. This would be due to much forwa¥d
electrons pulled by the strong Coulomb field of the
projectile in the outgoing projectile direction. [6]

Through collisions with fully-stripped ions, the total
ionization cross sections have been determined for both
atoms and molecules with a good accuracy by using a

parallel-plate electrode. Another group made a similallZI]

experiment using a secondary-ion mass spectrome
(magnet type).

78

Injector”, Proc. 1994 Int. Linac Conf. p768(1994).
S.Yamada, et al. "Commisioning and Performance of
the HIMAC Medical Accelerator”, Proc. 1995 PAC,
Dallas, (1995).

M.Murakami, et al. "Status of the HIMAC Injector",
Proc. 1996 Int. Linac Conf. Geneva, (1996).

Y.Sato, et al. "Heavy-lon Sources for Radiation
Therapy",J. of Appl. Phys76, 3947(1994).
A.Kitagawa, et al. "Development of the NIRS-ECR
ion source for the HIMAC medical acceleratdrev.
Sci. Instrum65, 1087(1994).

A.Kitagawa, et al. "Development of 18GHz NIRS
electron cyclotron resonance ion source with high-
voltage extraction configurationRev. Sci. Instrum
69, 674(1998).

HIMAC Report-020, (NIRS-M-15).



PARAMETER STUDY FOR A HIGH CURRENT HEAVY ION LINAC

G. Parisi, A. Sauer, H. Deitinghoff, H. Klein
IAP - Frankfurt University, Robert-Mayer-Str. 2-4, 60054 Frankfurt am Main, Germany

Abstract about 1.7 mm radius. The ion species is Bie final ion
energy was fixed to 10 GeV. These requirements deter-
In present scenarios of a heavy ion inertial fusion fanine mainly the driver layout and the beam parameters
cility, a combination of linacs and storage rings has bedike beam current, beam emittance and pulse duration.
proposed as a driver. After some funnelling steps, the Since the capability of high current acceleration in a rf
main linac has to accelerate and focus an intense hedwac is limited, an array of rings and bunch compressors
ion beam (e.g. Bi 400 mA) to a final energy of 10 GeV. will be needed for the necessary current multiplication
Using well known analytical formulae an attempt hasnd pulse compression for the final focus. By tracking
been made to find a range of beam and structure pararbeck the parameters needed at the final focus, limits on
ters (e.g. frequency, shunt impedance, beam curreptjtput conditions at the linac end are pre-given: beam
emittances, focusing scheme), in which the requiremergarrent of 400 mA in a total transverse emittance of 4
on a DTL can be fulfilled. Beam dynamics aspects hawvam mrad, and longitudinal maximum momentum spread

been checked by numerical simulations. of +2x10* for 99% of the particles after bunch rotation
for tolerable losses at ring injection. Following the scheme
1 INTRODUCTION of funnelling [6] (already proposed for HIBALL) and

taking some measured values for ion source currents and

. S”_“’e abqut 20 years, studies have_been p_erfo_rme_démittance& there are only few degrees of freedom for the
inertial confinement fusion for potential application INchoice of parameters in the layout of the main linac
energy production. Laser facilities, light and heavy ion '

accelerators and storage rings have been investigated as
drivers; one study for a heavy ion driven fusion power 3 LAYOUT OF THE MAIN LINAC
system (HIBALL) was completed in the 1980's already EXxisting ion sources are not able to produce a current
[1]. Main progress has been achieved during the last yean§ 400 mA Bi: for a seven hole extraction, values up to
in the understanding of pellet dynamics after ignition, i.e/0 mA have been recently reported; with a lower extrac-
in the physics of extremely hot and dense matter, leaditign voltage, a 21 mA beam has been achieved within an
to new conditions for pellet ignition which impose alsemittance of 0.065%tmm mrad (80% rms, norm.) [7].
new requirements on the layout of the driver accelerattdoreover, RFQs cannot accept such a high current; then
facilities. Progress and changes can nicely be seen in tieams from several sources must be extracted, acceler-
proceedings of the Symposia on Heavy lon Inertial Fated and merged in a funnel tree as indicated in Fig. 1. In
sion, held every two years at different places, e.qg. [2,3,4¢ach funnel step the frequency of the linac and the current
are doubled: assuming 3 funnel steps and including some
2 THE HIDIF STUDY losses at beam formation, an ion source current of 60 mA

L . . is required; for 4 funnel steps it is lowered to 30 mA.
A combination of linacs and storage rings has been he first accelerator will be an RFQ, which is able to

proposed by a European study group as an rf approacl"bg ture, focus and bunch the beam even at high space
a driver for a Hea_lvy lon Dr.“’e’? Ignition Facility (HIDIF) charge ;‘orces. Its frequency is chosen with respect to the
[S]IIZJJ-rheeslf:ter]rfitlizrihoawgelgr?%nle.r of 3MJ must binput ion velocity: an appropriate choice is 12.5 MHz,
brou hp 9 T 9y ) ince one has about +25 keV/u Bi with a dc post-

ght to the pellet within 5 ns, focused to spot sizes q cceleration of 256800 kV after extraction; 60 mA are
still accepted but already close to the RFQ current limit.

In the RFQ the dc current is formed to bunches of
about+30° phase width. Due to the high space charge
forces in the beam, the initial bunch length will nearly
s Stay constant, i.e. before the frequency can be doubled in

the next step the ion energy should be increased by a
factor of four to avoid dilution in the longitudinal phase
space. With these assumptions one ends up, after 3 fun-

Figure 1: Scheme of the heavy ion driven ignition facility. nel steps, with 100 MHz for the main linac and an injec-
tion energy of about 3 MeV/u; or, after 4 funnel steps,

50 MeV/u

. bunch bunch
. rolalor compressor
—] —

main linac
400mA 200 MHz

* Work supported by BMBF under contract 060F8411.
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with 200 MHz and about 12 MeV/u. The standard formu A 10 ] 1 1[]
lae of Mittag [8] show that in both cases the longitudine T I T T ]
acceptance is large enough to capture a beam with
rms emittance of 0.8°MeV/u without filamentation in
the following acceleration to a final energy of 50 MeV/u ™ |

Taking into account a 100 MHz DTL structure, thees]
shunt impedance, which is a measure of the efficienc__]
drops already to the end of the linac. To improve the €
ficiency, a frequency jump in the main linac would be¢™
necessary, leading to a higher peak current and empty.,]
buckets. For a 200 MHz Alvarez type structure the e
fective shunt impedance changes only slightly in th™]
whole velocity range; the technology is well proven itss . . . : ‘ . . .
different laboratories. Therefore a preliminary layout fo =* = = 7= weeres o wse o 2o 2m
a 200 MHz DTL from 10 to 50 MeV/u has been madefigure 2: Chosen focusing scheme: ploo&ndp,.
the main parameters are summarized in Table 1.

The effective accelerating field T is 2.8 MV/m; the
average shunt impedance is 2&Wm. For a total voltage
gain of 8.4 GV, the length of the linac sums up to 3.4 km s

Bm

o

X [mrad]

Table 1: Linac and beam parameters.

. Ylmrad]

Mass number 209 (Bi+ | -08

Frequency 200.0 MHz 0 0

Current 400 mA

Number of Ce||3 9775 -10-05-06-04 -U‘ZX [Eclm]U‘Z 04 06 08 10 -10-05-06 -04 -U‘ZY [Eclm]U‘Z 04 06 08 10
Total length (10-50 MeV) 3383 m o

Min. aperture radius 1.6 cm o

Max. pole tip field 1.15 Tesla .

Electric field amplitudd=, T 2.80-2.88 MV/m < .

Total energy gain 40.0 MeV/u z

Peak beam poweso% chopping 690 kW/m o

Peak dissipated power 320 KW/m h

Average shunt impedance 26 | MQ/m 0 w

Transv. rms norm. emittance  0.176-0.18&m mrad MRS ey MR I e
Long. rms norm. emittance 1.66-1.83tns keV/ul Figure 3: Output distribution at the linac end for 20,000

particles; 6D waterbag input, phase and amplitude errors.
4 BEAM DYNAMICS ASPECTS i . ,
Therefore particle dynamics calculations have been

When generating the linac geometry, a drift tube apegone with a 6D waterbag distribution including rf field
ture of about 1.6 cm radius came up; with a maximumysjitude and phase errors with an rms input emittance
pole tip field of 1 Tesla the transverse focusing turned oWt o 176t mm mrad allowing for some more emittance

to be too weak for the FD or FFDD quadrupole configugrowth in the front part. It could be demonstrated that the
ration normally used. Going tofeFFFFDDDDDscheme, - requirements for ring injection can be fulfilled [10,11].

as proposed in [9], resulted in a maximum 0pole tip field pg an example, in Fig. 3 the output emittances at the
of 1.16 T and a transverse phase advance #685per  |inac end are plotted for the nominal design, including rf
period. Schemes from 3F3D to 7F7D seem to be possiiigase and amplitude errors. There is only a slight in-

too; no optimization has been done for these. In Fig. 2 thg§ease of beam size in the real transverse space. The en-

focusing scheme is plotted, showing a low flutter factor.ergy spread in the longitudinal phase space is smaller
The normalized transverse emittance for proper ring,sn+4x10* after debunching.

injection of 1.3mmm mrad is rather small. Assuming a

safety factor of 10 bgtween full and rms emlttan_ce,.tos LINAC OPTION FOR TELESCOPING

reduce the risk of particle losses and structure activation,

the required value of 0.18mm mrad has to be compared An additional complication for the layout of the linac
to the value of 0.06tmm mrad measured directly at thelS the need to accelerate ions of different masses to the
ion source. This allows only a factor of 2 for the unavoidsame momentum, to allow for “telescoping” of the dif-
able emittance growth along the whole linac complex. ferent bunches in the final transport line. Telescoping is a
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non-Liouvillean method: bunches with different ion species Table 2: Change of linac parameters for telescoping.

but same momentum are started with an appropriate defigss numbers 187 (Re), 209 (Bi), 232 (Th)
time in a single beam line. The delay time and the velocjjiumber of new cells 1540

difference have to be chosen in such a way that the bundigfitional length 760 m

fully overlap in real and momentum space at the end of th§actric field amplitud€E.T|  2.4-3.1 MV/m

final transport, i.e. when hitting the pellet [12]. Momentum at output 64.3 GeV/c

In the present scheme a mass differencc:)]cﬁlég% 2|os 9I3re—
quired, which would correspond to the i e, i,
#2Th [5]. In Fig. 4 kinetic energy versus momentum is 5 CONCLUSIONS
plotted for different masses for the velocity range of the From the point of view of particle dynamics, a con-
main linac. At the design output energy for Bi (50 MeV/uyentional Alvarez type DTL can serve as main linac in
the momentum is 64 GeV/c; to get the same momentum, the present HIDIF scheme. Some critical points exist: the
kinetic energy for Re and Th must be 61 and 40 MeV/u. alignment of drift tubes and quadrupoles in a 3 km long

linac, the acceleration of ions with different masses to
A=232 the same momentum at the linac end, the required peak
14 A=209 power of about 1.1 MW/m. A higher beam current, as
s 187 discussed for energy production, or a higher acceleration
rate would increase this value. Beam dynamics calcula-
tions including errors and tolerances gave good results
for the design ion Biand the linac layout of Table 1.
The telescoping option must still be reconsidered.

-
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o
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LUMINOSITY MONITOR OPTIONS FOR TESLA

Olivier Napolyi and Daniel Schulté
T CEA, DSM/DAPNIA/SEA, CE-Saclay, F-91191 Gif-sur-Yvette Cedex, France
1 CERN, PS/LP, CH-1211 Gene 23, Suisse

Abstract cross-section is corrected for the finite beam size effect [4].

The feasibility of a luminosity monitor based on a radia-lt can be artificially multiplied by a facton;, which al-
. y y _ .~ lows one, with a single beam-beam simulation, to track the
tive Bhabha, beamstrahlung photons:te~ detectors, is

. ) : : .~ bremsstrahlung particles and integrate the bremsstrahlung
investigated in the context of the TESLA [1] linear colhder.Signal originating fromn,, bunch-crossings assuming that

the bunch parameters are fixed and their fluctuations can
1 INTRODUCTION be neglected. This is a valid assumption since the bunch

. . . . . population is about 6 orders of magnitude larger than the
During the normal operation of a linear collider, while thebremsstrahlung one

beam are in collisions, the detuning of the final focus optics
must be controlled in such a way that the luminosity stay, acroparticles with 6-D Gaussian distributions set by the

maximum. T.he re.qwr'ed on-line tuning procedure s'hou'l eam parameters given in Table 1. The luminosity for the
be the least invasive in order to lose the least Iumlnosng

X h flect hod | ﬁL?timum parameters is abobi2 x 103*em~2s~! includ-
up-time. The beam-beam deflection scan method in u g a factor about 2.0 from the pinch effect. The statistical
at the SLC [2] allows one to measure the convoluted sp

. f both b ith a limited i t on th hi %Iative error on the luminosity is abotit - 10~° from nu-
Siz€s 0 oth beams with a limited impact on the MachiNgerical origin. This is small enough to be able to identify,
operation. For TESLA [1] however, the large vertical dis-

) . - >Trom the simulations, rate fluctuations of the ordet of 3
ruption of the colliding beams (cf. Table 1), characterlseiS physical fluctuations
by the disruption parametdp, = 33, precludes the mea- '
surement of the vertical spot size by this method. However,

The et and ¢~ bunches are replaced by 320000

2 BREMSSTRAHLUNG MONITOR

Bhabha monitors are a well proven instruments for lu-

Table 1: TESLA parameters at the IP igh = 500 GeV minosity measurement at™e~ and ¢~ p colliders [6].

Beam sizes ‘75«" a;*[nm] 558,5 The radiative Bhabha processe~ — ete~ 7, also called
Emittances vez,vey [um] 110, 0.03 bremsstrahlung has a much higher event rate at small an-
Bunch length , Tz [mTO] 0.4 gles than the elastic Bhabha process~ —ete™, and
Bunch population Ne [10°7] 2.0 is more suitable for on-line monitoring. This rate can be
Number of bunch ny 2820

X measured by detecting the low-energy lepton emitted away
Bunch spacing %;fb [ns]2 . 337 from the intense beamstrahlung cone around the beam axis.
Luminosity L10% em™s™7] 32 Since they are strongly deflected by the opposite beam,
Beamstrahlung dp [%] 2.5 the rate of the outgoing low energy bremsstrahlung lep-
tons deflected at angles usable for a luminosity detec-
tor is enhanced. This more than counterbalances the fi-
the combination of beam-beam horizontal deflection scamste beam size correction [4] of roughly 1/2 to the total
(D = 0.3) and luminosity monitoring is a valid procedurebremsstrahlung rate. Because of its sensitivity to the beam-
to correct both horizontal and vertical aberrations. Lumibeam effect, the bremsstrahlung sigwithin a fixed kine-
nosity monitoring, recently re-investigated at the SLC [3]matical acceptances no longer an absolute measurement
offers the advantage that the beam aberrations can be me#éthe luminosity but it can still be used for measuring lumi-
sured in the vicinity of the optimum head-on collision panosity variations induced by beam parameter changes at the
rameters and that a relative measurement of the luminosityteraction point (IP) such that the horizontal beam sizes
is sufficient for its optimization. which control the beam-beam effect, are unchanged. This
We study three options to provide such a measuremeinicludes the most important vertical aberrations.
based on detecting either the bremsstrahlung leptons, the~or this study the luminosity monitor, assumed to be a
beamstrahlung photons or the€ ¢~ pairs. We use the hollow disk around the beam axis with 24 mm inner radius.
beam-beam program GUINERIG [5] to generate these As shown in Fig.(1) its location, 8.5 m from the IP, is op-
processes and track the trajectory of the low energy leptonignised for detecting about 40 GeV particles. The number
from pair creation or bremsstrahlung, through the coheof hits is about 550 with about 20 TeV deposited per side
ent e.m. field of the opposite bunch. The bremsstrahlurand per bunch crossing. Integrating over 10 bunch cross-
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the waist-shiftw, at the IP. In this way, a single TESLA
bunch train with 2820 bunches would allow one to mea-
sure the vertical waist-shift, the vertical dispersion and the
coupling of both beams, provided the implementation of
the necessary excitations of the fast quadrupoles is man-
ageable within one pulse.
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Figure 1: Bremsstrahlung energy distribution on luminos- ) )
ity monitor The beamstrahlung photons, with a rafig /N. ~ 1.65

for TESLA, provide a very strong signal which is directly
related to the beam energy loss but less directly to the lumi-
ings and both sides leads to over 10,000 hits, enough {@sity. In fact, this signal goes through a maximum when
reduce the statistical error to the 1% level. The mostimpothe two beams are vertically offset and deflect each other
tant vertical beam parameters to be tuned are the beam ng&-ongly. In order to decouple this effect from the lumi-
trix “rotations” which affect the vertical beam size, namelynosity optimization, we select the photons emitted in the
the vertical waist shiftw,, the vertical dispersion, and +25 x 5urad® forward cones whose intensities decrease
the yz'-couplingc,. The definition of these aberrationswith the beam offset. Fig.(3) shows the dependance of
and the beam matrices associated to them are given in [fhese intensities in the'g(left) and the & (right) directions
Fig.(2) displays the results of luminosity optimisations obon the e -beam vertical waist (up) and dispersion (low).
tained by varying the waist-shift, of the electron beam Unlike the bremsstrahlung, the beamstrahlung signal is not
matrix, keeping the positron beam constant. The centrat/et symmetric and signs which beam matrix is chang-
configuration is such that ing. As can be seen by comparing Fig.(3) to Fig.(2), the
w® =098, 5, =c, =0 1) e—-peamgtrahlgng is not effective fpr the-avaist tuning.
v v Y Vertical dispersion, and’y the coupling as well, can how-
for both beams. It is also the optimal configuration sincegver be tuned with a resolution better thetT? in terms
due to the pinch effect, the luminosity is maximized wherf relative luminosity. In these scans, the 1% error in the
both vertical waists are shifted loy9 3; in front of the IP. intensity is due to the purely numerical limitation in the
The gain in luminosity is about 16% with respect to thenumber of macro-photons, about 11,000, representing the
configuration where the waists are centered on the IP. physical photons contained in the forward cones.
this figure, the calculated luminosity (right) is compared
to the number of hits (left) from bremsstrahlung particles
on the luminosity monitors, adding both sides. The scan s

o
o

LUMON hits ph(e) x 10° LUMON hits ph(p)
O RS e

E N = 845408 T El T T T T

involves 11 points and therefore a total of 110 bunch- ssco B =238 3 7800 by rsacice ]
crossings. The “optimum” luminosity as determined by * - g e 3
the parabolic fit through the bremstrahlung rate, is less than ,, £ 3 7200 | ]
103 relatively smaller than the maximum of the calculated  eso0 £ 1 e B 3
luminosity. This optimum can be determined equally well  **° & 3 ee00 |E E
from the number of hits (counter) or from the energy de- e d R a3
posited (calorimeter), and similar resolutions are obtained oo WY/Q-Y e v /Q e
for the dispersion and coupling scans [7] as well. X105 Luon it gn(e) L 105 LN s eh(p)

In practice, each scan could be implemented with fast 700 [\l | 3 AN
quadrupole pairs in the chromatic correction section (CCS) 7400

[8]. A vertical waist-scan like in Fig.(2) for instance, would 2% 7
be performed by symmetrically exciting the quadrupoles in 6500
the vertical CCS over 110 bunch crossings and measuring oo

the luminosity for 110 monotonically increasing values of 22

7800 E Ny = 7.17E+08 |
7600 £ 7, = -0037 E
7400 [ Xm= 2.49E+06 =
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Figure 3: Beamstrahlung photon intensity per bunch-

crossing vs. vertical waist (up) and dispersion (low)
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/8, /8, Inside the main mask a combined inner mask and luminos-
Figure 2: Scan of the vertical waist. Parabolic fits argy monitor will be installed. This inner mask will be hit by
drawn through the data points a large number of pairs deflected by the beams. At small
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1.04 L energy of the photons produced by beamstrahlung. The de-
102 L } } L fli_t c ] flection is however very different in the two cases. The
£ f'ﬁ - beam patrticles which have emitted bremsstrahlung are still
r . %?@“%& T relatively high in energy and are focused by the oncoming
o 098l i i% Yf i beam. Most of the particles from pair production that hit
= A i ‘T the calorimeter are low in energy and are defocused by the
s 0%r ] {%i ii i same charge oncoming beam. Combining the two methods
S goal 7 % one could thus hope for reducing possible ambiguities.
Ao
092 o/ j 5 CONCLUSION
09 | °/ 4
We believe that a luminosity monitor will be a necessary
0-8530_2 0 02 04 06 08 1 12 14 16 18 instrument for the fast tuning of the collision parameters

of TESLA. In this study we have shown that a radiative

Bhabha counter or calorimeter can monitor the luminosity

Figure 4: Scan of the vertical waist shift: energy depositethb a 1% resolution by integrating the bremsstrahlung signal

in the calorimeter and luminosity normalised to the maxiever about 10 TESLA bunch-crossings, that is abouf:3.3

mal values. The powerful beamstrahlung signal in a very narrow for-
ward cone can also be used for tuning dispersion and cou-

radii it is covered with a low-Z material (graphite) to pre-.p“ng' A promising complementary optionis a calorimeter

vent the backscattering of low energy particles. At Iarge'rn the masking system around the IP to measure the energy

) - . . 0
radii, where the background due to the deflected pairs gs: r?ct);:ﬁdbzyr(tegir?:érv(\:/irt?la;ideebuaac:ltl-zlgss.s-irnhe 1% level
small, it will be used to measure the Bhabha events Wit% 9.
larger angles. The rate of these events will be a few per

With either monitor, scanning the usual vertical linear
second, much higher than those measured in the main berrations with about 10 points should permit to determine
tector for the reconstruction of the luminosity spectrum bLﬁ

Re optimal luminosity to better than 0.1% relative reso-
too low for fast monitoring.

ution. Implementing such scans within a single TESLA
. Lo bunch train should be possible: it would reduce consider-
The total energy deposited by the pairs in this mask caj . - e
. . . ably the influence of beam jitter on the luminosity measure-
be measured calorimetrically, but details have to be Workement errors
out. This energy is about2000 GeV per bunch cross- '

ing and per side. This values varies from simulation to

Wy/sigmaz

simulation due to physical and numerical effects. Run-
ning 25 cases with the same initial distribution (read fronp
a file) but different seeds for the random number genera-
tors showed an RMS-spreadio % and1.4 % for the two
sides. This isin reasonable agreement with the expectation
from the counting rate alonex( 1.0 % from about9200 2]
hits). In practice one can expect significant contributions
to the error from energy leaking out at the inner aperture of
calorimeter and from jitter of the beam. 3

The scan was performed moving the waist of one beam,
while the one of the other was about in the right positiorel\ ]
For each point only a single bunch crossing was measur é
The optimal position of the waist was determined by max-
imising the sum of the two signals, leadingtg = 0.83 3 [5]
(note that3; = ¢.). The luminosity thus obtained is lower
by a fraction of4 - 10~* than the optimal value, which is
reached forw, = 0.89¢,. The scan was repeated decreas-
ing the positron bunch charge 105 - 10'° particles, in- 5
creasing its horizontal emittance by % and increasing its [6]
vertical emittance b0 %. In all three cases the luminos-
ity for the found optimal waist position were smaller tharl’]
the optimal by a fraction of abouf)—3.

In contrast to the bremsstrahlung process where the pro-
duction of particles depends strongly on the luminosity ant§l
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THE CLIC 30 GHz TWO-BEAM TEST ACCELERATOR

I. Wilson, W. Wuensch, W. Coosemans, C. Achard
CERN, Genéve 23,1211 Switzerland

Abstract The test accelerator is shown in figure 2.
Commissioning with beam started in the autumn of 1997.

As part of the experimental effort to demonstrate tha. maximum accelerating gradient of 50 MV/m [2] has

feasibility of the CLIC scheme, a 3 m long representativeo far been achieved and is currently limited by available

section of the CLIC accelerator has been constructedsive beam charge.

installed in the CLIC Test Facility (CTF) and successfully N

commissioned with beam. Prototype 30 GHz componen  Power Extracting  Beam position  Magnetic

developed during the course of the CLIC study including ~ Structure monrtor triplet

accelerating structures, power generating transf - | =

structures, and high power RF loads, have bee
successfully integrated with the micron-precision active|550 mm 3
alignment system, the vacuum system, the water coolir Phase shifter
system, and the high power RF distribution system t Direcu-o High power -
produce a very compact two-beam test accelerator. Tt Coupje, ! load Beam position
paper describes the layout and gives details of tr P monitor
important subsystems. B — : =
Magnetic Acceleratin
1 INTRODUCTION dou%)lel strucures ¢ 1410 mm

A 3 m long 30 GHz two-beam test accelerator has bee ' ] .
constructed and is presently operating with beam in ttiguré 1: Schematic layout of one module of the main
new CLIC test facility (CTF2). The test accelerator layou(loWer) and drive (upper) linacs.

follows that currently foreseen for CLIC but has a highe
density of quadrupoles - and consequently a lower F

filling factor - due to lower beam energies. The te: &8 il L : Sy' b
accelerator is equipped with a prototype active alignme i < T \2in linac|
system in order to gain operating experience in a re : ! -
accelerator environment. The bunched electron bea 7 ; ( ‘ N PE -

needed for the drive and main linacs are supplied by t
separate 3 GHz linacs.

Since both CLIC and the test accelerator are compos i
of repeated two-beam 'modules’, the construction of t\
fully equipped modules has enabled many of tt#
technical difficulties of the full length linacs to be solvec
All necessary subsystems including water cooling ai
vacuum have been included. The layout of a tef
accelerator module is shown in figure 1. Two suc
modules have been installed and a further two will t
installed in 1999.

Prototypes of components developed in the_course Figure 2: Downstream view of the test accelerator
the CLIC study have been used wherever possible. Th: . .

. ! : . installed in the CTF.

include: accelerating sections, high power RF loads, maur
linac beam position monitors, main linac quadrupoles,
support girders and the active alignment system. The 2 RF SYSTEM

power extracting structures are similar to those of CLIC Each two-beam accelerator module has one power
but have a stronger coupling to the beam to compensaatracting structure, shown in figure 3, which feeds two
for the lower drive beam charge. Other componen@&ccelerating sections. An extracting structure has four
including waveguides, phase shifters, vacuum and beapntput waveguides - opposing pairs are combined to feed
line components were specially developed for th#éhe two accelerating sections. For the moment all four
accelerator. output waveguides are combined to produce a higher
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accelerating gradient for a given drive beam charge (bsection, providing calibrated incident, reflected and
less total energy gain). RF power is combined in "Ytransmitted power signals. 1 mm diameter ceramic disks
junctions that are split in the magnetic field plane. Therazed into the coupling holes separate vacuum from air
output of each accelerating section is connected to a high- these couplers. 12 m long WR-28 waveguide runs
power stainless-steel load which is vacuum pumped. Tle®nnect the outputs to the signal processing electronics in
area around the accelerating section in the first modulettse klystron gallery.

shown in figure 4.

-
|

3 BEAM POSITION MONITORS

A prototype 30 GHz resonant cavity BPM [4] with an
integrated phase and charge reference cavity is installed
in each main linac module. Common mode rejection is
made in vacuum-compatible magic Ts. Position signals
pass from vacuum to air-filled waveguide via alumina
windows mounted on the difference ports of the magic
Ts. Signal processing electronics is mounted in the
klystron gallery.

A four-button BPM is mounted in each drive linac
module. Each button electrode is connected directly to a
coaxial vacuum-to-air feed-through. 20 to 30 cm lengths
of standard flexible coaxial cable connect the BPM on the

Figure 3: Installation around a power extracting structure®UPPOrt girder to fixed semi-rigid coax fixed onto the
concrete block.

Transfer structure

P — 4
e

4 ALIGNMENT SYSTEM

The entire accelerator is mounted on a concrete block
that is grouted to the floor - a precaution that would only
3 : be meaningful in a proper stable linear collider tunnel.

: " The block also contains niches where radiation sensitive
alignment control electronics are mounted. All other
e components of the alignment system have been designed

to be radiation hard

The test accelerator is actively aligned and held to
within a few microns using a stretched wire system [3].
All beam line components other than quadrupoles are
mounted on 1.41 m long (length of one module) silicon
Figure 4: Installation around an accelerating section. THearbide support girders. The components are directly
view of the section is obstructed by the vacuunsupported byt 1.5um precision V blocks. Continuity of
manifolds. the beam axis from girder to girder to a similar precision

. is provided by a system of link rods that connect the ends
The upstream ends of the power extracting StUCIU the successive girders. The link rods create articulation

waveguides are terminated with vacuum compatible 10ag3inis at the beam axis intersections. The articulation

containing ceramic absorbing elements. In order tgoints, and thus the linacs, are aligned by moving the

maintain free movement of the support girders, all RE,4s of the girders with Om step linear actuators,
connections between components on the girders and thQS& 1 are shown in figure 4.

on the concrete support block contain lengths of flexible actyator movements are calculated from readings of

waveguide. These are made from copper platefle o 1, radian resolution tilt meters and the Qb

commercially-available hydro-formed waveguide tubeggqytion capacitive sensors of the stretched wire system.
The flexible waveguides also provide vibration isolationga yertical positions of the ends of the wires are

The waveguide between the power extracting ang.asured by a hydrostatic leveling system.

accelerating_ strucfcures contains a phase_shifter. Quadrupole doublets and triplets are mounted on
Vacuum-tight high-power RF connections were madg,jenendent platforms with their own wire sensors, tilt

using a flange design with a flat face-to-face contact andeters and actuators. The quadrupoles are referenced to
a Helicoflex seal. There are no windows anywhere in th§a same stretched wire as the support girders.

high power RF line. Low power signals are extracted 1 gystem operates in a closed feedback loop holding
from the high power system via vacuum-to-air 56 dBq |inacs within an alignment window &f2 microns.
directional couplers before and after each accelerating
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The end-station of the stretched wire system is shown @ontains a getter and an ion pump. The manifolds
(weighing some 20 kg) are mounted on spring supports
and follow girder movements with little applied force.
Power extracting structures are pumped by a single local
manifold also with a getter and an ion pump.

All of the local manifolds are connected via flexible
tubing to a central roughing manifold, which appears
prominently in all photographs of the test accelerator
such as figure 1. After an appropriate vacuum has been
reached the roughing manifold is isolated from the
manifolds by valves. The accelerator can be isolated from
the rest of the CTF with valves at the ends of each linac.

7 WATER COOLING SYSTEM

With average RF and beam power levels in the test
accelerator a small fraction of those anticipated in CLIC,
the water cooling requirement is less demanding.
Nonetheless, the water connections must still remain

5 BEAM LINE COMPONENTS sufficiently flexible when pressurized not to constrain the
alignment system. Hydro-formed thin walled stainless

The internal diameters of the main and drive linacs alg ool tubing has been used to connect to the accelerating

4 and 22 mm respectively. The main and drive linac beagéctions but the solution is unsatisfactory because the

pipes have been designed to present low transveriﬁ)ing is a vibration source. Latex tubing was later

mpedances. The drlve_llnac bea_m pipe m“$t also Calthosen for the quadrupoles and appears to function very
high image currents without arcing or heating IocallyWeII

Maintaining these design objectives has been most
difficult for the inter-girder articulations, which must also
be flexible and vacuum tight. In the current design, the 8 CONCLUSIONS
articulation points have a 1-2 mm beam pipe gap with a The successful installation and operation of the test
50 mm diameter bellows placed around the gap region @&scelerator represents an important step in the
contain the vacuum. demonstration of the feasibility of the CLIC scheme.
Connections between fixed drive-linac beam-lindifficulties of layout and assembly resulting from the
components are made using a flange design derived frdtigh density of components of the 30 GHz accelerator
the vacuum RF flange. The requirements for the RFave been overcome. The active alignment system has
flange, a small impedance mismatch and a high currebgen successfully integrated with all the other
capability, are identical to those of the drive-linac beansubsystems, maintains alignment within +&6 micron
line flange. window and operates reliably in a high radiation
The prototype main and drive linac quadrupoles havenvironment without any evidence of deterioration. A
internal apertures of 10 and 30 mm respectively. Therecise agreement between drive beam, generated power
resulting+ 2 mm clearances between the quadrupoles agid main beam energy gain indicates that the RF system
the beam pipes allows the beams to be steered usifdunctioning correctly.
guadrupole offsets. The field gradient in the main linac

Figure 5: End station of the stretched wire system.
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Abstract and(AE/E); are Lorentz energy factor, beta function, fo-

For future linear colliders, one of the essential technlquecusmg. strength of qugdrupoile magnet aqd energy ;pread
g N . at thei-th quadrupole in the linac, respectively [4]. Since
to get a sufficient luminosity is to accelerate multi-bunch . .
" ; .the emittance growth is connected to the energy spread at
beam of small bunch spacing. Beam loading voltage in :
i each quadrupole according to Eq. 1, energy spread correc-

an accelerating structure generates a large energy sprea

: 4 2 on should be done locally at each quadrupole. TNiE

along the bunch train. This energy spread is critical for . :
. . . .method which compensates an energy spread in every ac-
the lattice design and, if not properly compensated, in- . . . .
. . .’ celerating structure is the local compensation, whilE
duces emittance growth and in turn lowers the luminos: . .
. . “method compensates it through several quadrupoles in av-
ity. A method to compensate for beam loading effects in ; ) .
. . erage. In the low energy part in the linear colliders, the lo-
a multi-bunch beam is under development at Acceleratgr

Test Facility (ATF) in KEK [1]. We will report the beam cal corr_ectlon method will be an important method where
C 0 . AE/E is not enough small.

tests for early injection and a phase to amplitude modula-

tion method using multi-bunch beam of 2.8 ns bunch spac- 2 PHASE TO AMPLITUDE

ing. This energy compensation method compresses energy MODULATION METHOD ( A¢ — A)
spread of multi-bunch beam by changing the input rf wave-

form properly into accelerating structures. The most simple compensation of the beam loadindyin
method can be done by injecting the beam before the rf
1 INTRODUCTION pulse has filled the accelerating structure. If we use this

. . simple early injection method, the beam current at which
A scheme of multiple bunches (87 bunches) being accel% e energy compensation acts effectively is limited to some

ated on each rf pulse is adopted in the Japan Linear Cq- | . ffici il Wi I
lider (JLC) design [2]. This scheme improves the energy nge, and acceleration efficiency will be poor. - We apply

transfer efficiency from wall plug powe