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workshop themes

review talks

accelerator complex

» linac/injector, beam conditioning, hybrid accelerator
key items

» magnetic materials, switching elements (Thyratron, IGBT,
MOSFET, SIThy, SIC-MOSFET), switching power supply/pulse
modulator, induction accelerating cell (field calculation, cooling,
impedance), beam monitoring & orbit control

beam dynamics
other applications of rapid switching devices
applications of induction accelerators and superbunches

working groups: (1) KEK as testbed for induction-based fast
bunch rotation in HEDP, (2) comparison of ion sources and
Injectors, (3) assessment of the wire lens@LHC from the
current pulse power technology point of view, (4)
comparison of different barrier rf systems, (5) For HEDP

compare KEK-PS and LBNL-NGDX2..




Review Talks
Status of KEK Induction Synchrotron Project (Takayama, KEK)
RHIC Upgrades with Superbunches (Fischer, BNL)
High-Energy-Density Physics Researches based on Induction
Accelerator and Pulse Power Technology (Horioka, TIT)
Overview of Recent progress in the Heavy lon Fusion Science at
Virtual National Laboratory (Barnard, LLNL)
RIKEN RI Beam Factory Project (Yano, RIKEN)
Status of the DARHT 2nd Axis at Los Alamos Laboratory
(Nath, LANL)
Possible Uses of Rapid Switches and Induction RF
foran LHC Upgrade (Zimmermann, CERN)
Bunch Compression and Stretching using Barrier
RF System at FNAL (Bhart, FNAL)

Frank Zimmermann, RLC 17.03.2006



Other Talks of Interest

Researchers on Multi-pulse Generation at IFP (Zhang, IFP)

Possibility of Laser Ablation Plasma as a High-Flux lon Source
for Induction Accelerators (Nakajima, TIT)

Physics Designs of a High-Gradient Dielectric Wall Induction
Linear Accelerator for Radiography (Chen Yu-Jiuan,LLNL)

Pulse Line lon Accelerator (Briggs, SAIC)

Inductive load broadband rf system and its application in FNAL
Main Injector (Chou,Fermilab and Tagaki,KEK)

High Gradient Induction Cells Based on Advanced Insulators &
Dielectrics (Caporaso, LLNL)

FAIR RF Systems based on Magnetic Alloys (Huelsmann, GSI)

Development of the ILC kicker (Naito, KEK)

Solid-State Inductive Adders for Fast Kicker (Cook, LLNL)

Key features of All-ion Accelerators (Takayama, KEK)

Possible Applications of Induction Synchrotrons (Oguri, TIT)

U. Dorda, H. Qin, Shimosaki, K. Torikai, FZ (on CLIC),...

Frank Zimmermann, RLC 17.03.2006




RHIC upgrades — eRHIC > 2014

eRHIC linac (ERL)-ring design

(also pursue ring-ring design)

IP12 -

Place for
doubling
energy linac IP4-

ERL (5-10 GeV ¢) optional

T

EBIS  BOOSTER

Courtesy V. Ptitsyn

Wolfram Fischer

Frank Zimmermann, RLC 17.03.2006

Main design parameters:

e center-of-mass energy
30-100GeV/n

e e-p luminosity
1032-10%4cm-2s1

 e-Au luminosity
1032-10%4cm2st

e longitudinally polarized
electrons, protons, and
possibly light ions



Superbunches in RHIC

Possible application for superbunches in RHIC

Wolfram Fischer

* Transition crossing
—> limited by instabilities

* Heavy ion luminosity
—> limited by burn-off with e-cooling

* Polarized proton luminosity
—> limited by beam-beam and IBS

Assume in the following that superbunches can
be made at store, filling half the circumference.

[The following:sceRarias-aktawildly optimistic.]



Transition crossing in RHIC

Focusing-free transition crossing (FFTC) in RHIC:
e Ramp-down normal rf voltage to avoid bunch shortening
» Accelerate through transition with induction cell

— Need 48kV/turn at normal dB/dt (can be slowed down)
— Induction acceleration £10s around transition,

would also require barrier buckets,

(can avoid barrier buckets for £125ms)

[calculations by J. Wei, BNL]

— Would allow to double the bunch intensity

K. Takayama, J. Weli, Y. Shimosaki, and K. Torikal, “Focusing-free transition crossing

in the RHIC using induction acceleration”, PACO0S5.
Wolfram Fischer

Frank Zimmermann, RLC 17.03.2006



Hadron colliders at burn-off limit

Luminosity increase at the burn-off limit

1. Increase bunch intensity N, and emittance ¢,

at the same rate (N./c,=const)

—> L~ N,

— maintains beam-beam parameter &/IP
— limited by beam size in final focus triplet

2. Increase number of bunches N

—>L~N
—> N —> o = superbunches
— limited by e-cloud (benign for superbunches),

stored energy, ...
Wolfram Fischer

Frank Zimmermann, RLC 17.03.2006



RHIC heavy-ion luminosity with

IP10

IP8 PHENIX

3 superbunches

e 2 IRs uncrossed
P12 (for e-cooling & eRHIC)

_— « 3 superbunches/ring
(~1us abort gap)

 half circumference
filled with beam

P4

IP6 STAR‘/

Frank Zimmermann, RLC 17.03.2006

Wolfram Fischer



RHIC heavy-ion luminosity with 3
SuperbunCheS (”) Wolfram Fischer

Heavy ions are burn-off limited, not beam-beam limited.

RHICIO SuperRHIC comment

Energy GeV/n
Number of bunches N

Bunch infensity Ny, 10°
Bunch length /4 m
Average beam current I, A
Full crossing angle o mrad

26 |
10 ¢cm °s

Peak luminosity L/IP

. . .- 1 216 o |
Average luminosity /TP 107 cm™s
Number of IPs #p

Lifetime T h

100 100

111 3 6-told synmunetry
1.0 300 same peak current (Limit at v,-crossing)
0.3 600 rms (RHIC I0), full (SuperRHIC)
0.11 2.4
) ( 1.3 possible with existing correctors
30 IZGUX 16
70 1100 requires major e-cooling upgrade
2 2
5 ]

Experiments need to be sold on superbunches.

Timing system different from existing one (large investment).

Frank Zimmermann, RLC 17.03.2006



Hadron colliders at beam-beam limit

Luminosity increase at the beam-beam limit
(same strategy as for the burn-off limit)

1. Increase bunch intensity N, and emittance ¢,

at the same rate (N,/c,=const)

— L~ N,

— maintains beam-beam parameter &/IP
— limited by beam size in final focus triplet

2. Increase number of bunches N

—>L~N

—> N — oo = superbunches

— limited by e-cloud (benign for superbunches),
stored energy, ...

Frank Zimmermann, RLC 17.03.2006

Wolfram Fischer



RHIC polarized proton
luminosity with 4 superbunches

T Wolfram Fischer
L \\p
) | 2 IRs uncrossed
(for e-cooling & eRHIC)
P10

New detector IP2

e 1 dedicated new detector

. e 4 superbunches/ring
P / for spin patterns

(~1us abort gap)

| P6  half circumference
filled with beam

Frank Zimmermann, RLC 17.03.2006

IP8



Polarized proton luminosity with 4
superbunches (ll)

Requires beam-beam compensation

RHIC IT SuperRHIC Icﬂmment
Energy GeVin 250
Number of bunches N . 111 for all spin combination
Bunch mtensity Ny, 10" 2.0 limited by AQyy,
Bunch length /4, m 0.15 rms (RHIC 10). full (SuperRHIC)
Average beam current /4, A 0.28
Full crossing angle o. nuad 0.0 possible with existing correctors
Beam-beam parameter &/TP 0.012 limited by AQyy 10
Peak luminosity £/IP 10* em™ (0 7
Average luminosity £/IP 10* em™st  0.05 requires major cooling upgrade
Number of IPs n p 2
Luminosity lifetime <, h 3 donunated by beam-beam, IBS
Very challenging

[needs doubling of proven AQy,, ;. & cooling at store]
9% LHC design luminosity
130x RHIC Il luminosity (pre-cooled p-beams)

Wolfram Fischer o
| ARl REEE bd oSty



FERMILAB, the World’'s Pre-eminent HEP
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Longitudinal Phase-space Coating

C. M. Bhat, Beams-doc-2057-v1 (Dec. 2005)

1t Injection
New Beam

Potential
Diagram

After Stacking

1st transfer

Potential -----mcmmmm e
Diagram

R e
RPIA 2006, March 7-10. 2006 Char 17



Bright Proton Bunches for Tevatron
to increase ppbar Luminosity (future)

Proposed Barrier Proton Coalescing
C.M. Bhat, PACO0S5, p 1745

Current Proton Bunch Coalescing

Scheme in the Main Injector

8GeV | 0.15 eVs /53MHz e L

53MHz Beam U U Bunches Eo —— Tigh Density
Large Low LE beam

LT

:______.-'" > = Final mini-bucket

150 GeV (AC)
53MHz bunches

ﬂ Barriers
150GeV (BC) —_— n \ 0'1 5 evs 153MHZ L;:l(_'.‘l'l'l(_‘:;'lull;]_ - _____-::_
53MHz bunches U U Bunches particles o

150 GeV ﬂ L
Bunch to Tevatron U —) o o Y (d)

~2.8E11p/bunch, LE ~ 3 eVs
Trans. emit.~16-20pi from Ml
Beam in the Tevatron at collision
~2.4E11p/bunch, LE ~ 4 eVs ~3-4E11p/bunch
Trans. emit.~16-20pi LE ~1.5-2 eVs

Trans. emit.~10-14pi




Beam
Research Program

Lawrence Livermore National Laboratory

High gradient insulators (HGIs) perform
2 - 5 x better than conventional insulators

100 =il

Conventional Insulator High Gradient Insulator

" field emitted
electrons

High Gradient Insulators
i~

v

Conventional Insulators

Surface breakdown field stress (MV/M]
=

-0.2592
Emitted electrons T e 008 y = 23.366x
repeat::lliya::mbard repelled from surface 1 r - . =
1 10 100 1000 10000

Closely spaced conductors inhibit the breakdown process Pulsewidth (ns)

%o

HG structure forms
a periodic
electrostatic
focusing system for
low energy electrons

Leopold, et. al., IEEE
Trans. Diel. and Elec.
Ins. 12, (3) pg. 530
(2005)

George Caporaso



RIKEN’s Old Cyclotrons (1937 ~ 1990)

Multi-disciplinary
Utilization
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i ']-2115(1937) Nishina (Tokyo Bay) Sl SR EEAEEE Nishina (Tokyo Bay)

F1SU1/020K0OYV £2560rVFHA4O20KDY
CoatlA | | e HiREE65cm HiREE150cm
tecetsesnedlenannns HhESNOYr-00OY 2nd 60inch cyclotron
1st cyclotron Magnet diameter 150cm

50t Anniversary of RI

production (1990) Magnet diameter 65cm

The first cyclotron in Japan

The Japan first
Heavy lon
Accelerator
(1967 ~ 1990)
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Magnet diameter 210cm



Nishina Center for Accelerator-based Science
since April 2006
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Yasushige Yano

Layout of RIBF Cyclotrons

PHASE |
350 MeV/u: All lons

K570-MeV ... =¥
fixed-frequency Ring Cy(‘:lotron (fRC)

K2500-MeV

x;lercgducting Ring Cyclqti:c‘y__r,'x_l;(SBQ)u - k

X
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.. g, Cyclotron (IRC)
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Layout of RIBF RI beam separator

BigRIPS

Supercondubting ;
In-flight fragment separator
(Big RIPS) Bp9Tm

Yasushige Yano



Superconducting Ring Cyclotron (SRC) (world first)

K=2,500 MeV
Self Magnetic Shield
Self Radiation Shield

Control Dewar of Liquid Helium

3.8T (240 MJ) SRR
Side Shield . Superconducting Bending Magne
18-38 MHz (open in maintenance) . W
8,300 tons >
Superconducting rf-Cavity

Cooled by liquid He bat
Superconducting Trim Coll
Indirectly cooled by two phd

Yasushige Yano
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s et W= - . Assembling SRC
s ﬁqu ting Ripg Cyelotron (SRC) i | NOV 2004
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Supercon_duc‘:’tihg S“é'cto[_\Magnet
Unfolding diagram A

z//

e Cryostat Upper Wall
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_""Lf__‘mecting Plate
r_@____'____,_,_._ Upper Pole 2
> Superconducting
< Main Coil

B, Superconducting
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: , ] / Cryostat Side Wall
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BIgRIPS first stage

First stage

- My, = [0 I0HID- 0T iRy,
Q. < Q,
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STQ1-5, D1-2

Yasushige Yano






Construction Schedule

Yasushige Yano

FY 2004

FY 2005

FY 2006

4

10

4 10 4

10

Fabrication of magnets, RF resonators, vacuum system and beam daignostics system

fRC ‘
Assembly, magnetic field measurement and RF power test

Assembly of vacuum system, cabling and plumbling  Cabling of RF system and assembly of beam diagnostics

IRC . .
Excitation test of magnets/and evacuation test RF power test
_eeem——=x—=——
Assembly of magnets
e S | o
Test of cool-down and excitation of magnets
SRC . Magnetic field measurement
I Assembly of RF resonators, vacuum system
% and diagnostics
Test cooling of STQ1-5 Field measurement  Assembly, cabling and testi
[ ]
Cool-down of STQ6-14 Radiation
BigRIPS ,
Focal Dlane Chamber. beam dlagnostic Beam dump and Droducnon ta_rget
devices and vaccum system Control, detectors and DAQ
Fabrication, assembly and cabling, testing of magnets
RI-beam
delivery Focal plane chamber, beam diagnostic devices, | Control, detectors, DAQ
line vaccum system, and radiation shields —————]

Beam Fabrication, assembly, cabling and testing i magnets, chambers, beam diagnostic deviclas and vacuum system
Transport

Note

Permission for
producing uranium
ions in the ECRIS

Y Completion of the experimental hall

The first beam is scheduled for at 15:34 on Dec.16 in 2006



DARHT

o

The Dual Axis Radiographic Hydro Test Facility is
located at the Los Alamos National Laboratory

DARHT was conceived in the
early 80’'s as a critical tool for
nuclear stockpile stewardship

| | - I;; (L e
. — : =

DARHT consists of two induction linear accelerators oriented orthogonal to
each other.

) /) -
DARHT 2M9 Axis - SN g R U P ... o’
anzlrﬁhs 2006 3 . '-°5A]am°5 mél\‘.‘w E

| Subrata Nath "

Frank Zimmermann, RLC 17.03.2006




N s The DARHT Facility will deliver dual-axis,
multi-pulse radiography by mid 200

‘ I g ":. r 7 r
fl £ . ];F "f’ * I 4 I Jéa‘“ s q I -
.3 . ‘.:";_v ‘ “,g_ 1 Y W v
= -
7

" ./'\ oy
DARHT 2" Axis - SN V.8 18 -
March, 2008 20 > Los Alamos ﬁ “1 E
’ Subrata Nath e

Frank Zimmermann, RLC 17.03.2006



Schematic View of Induction Synchrotron

E¥vywT INIAEE
7 Jrenn

Induction Cells Induction Cells

for CaptuV’ - for Acceleration
[ -
Y / Accelerator Ring

Superbunch

Principle:
Faraday’s Induction

Law
v ace

time

Ken Takayama
Frank Zimmermann, RLC 17.03.2006



Revolution frequency and Switching frequency

revolution frequency:

J=cBIC,

c D
e [
o ¥1+D

2N
br = \A) \mc) \E': energy gain per
short time-period At
gO=(V . IV ()

kinetic energy as a function of
the revolution frequency:

Control of the gate pulse
density

(Patent 2005-196223)

T = MAy -1) xA-mCZ(‘-'—-—IJ ~A-mc’

Ken Takayama

Frank Zimmermann, RLC 17.03.2006



Transverse Focusing in the AIA

Equation of motion in the transverse direction: Easy accelerator tuning for any ions

d

A-m-?(y v, )=Z ey Bx common
! COD
; r_ Ex Betatron tune
with B = _— : ;
ox Injection/extraction orbit

gate timing is determined from
the circulating bunch signal.

l Interesting option

Simultaneous acceleration of

different ion species with
different (Z/A) in the same ring

gate triggers are generated every ion species.

Ken Takayama

Frank Zimmermann, RLC 17.03.2006



Comparison between various accelerators

Ken Takayama

Albumin

uSter ion

0

23892

Frank Zimmermann, RLC 17.03.2006

Energy | Static RFQ+DTL | Induction Cyclotron RF All-ion accelerator
E/au Accelerator Linac Synchrotron § (Ind. Synchrotron)
Low No limit Limited Z/A | No limit limited Z/A | limited Z/A  § No limit
<MeV charge state
Medium | NA Limited Z/A | No limit limited Z/A | limited Z/A  § No limit
<GeV (expensive) | (expensive) | charge state
High NA Limited Z/A | No limit NA No limit No limit
>> GeV (too (too but limited
expensive) | expensive) by Injector



All-ion Accelerator Complex

Experimental area for
Experimental area for High energy heavy-ion and cluster-ion
low energy heavy-ion and cluster ion DE 4

-

cells

Ion-sources _
Booster Induction
(C=37m) Acceleration cells

Ken Takayama
Frank Zimmermann, RLC 17.03.2006



“All-lon Accelerator” (AlA) is one of the possible ways
to obtain GeV-biological macromolecular ion beams.

Conventional RF accelerators — not available (no synchronization)
Induction linacs — very long (= 500 m ?), expensive (= $108 ?)

Acceleration by induction synchrotron: 6%
Modification of existing proton synchrotrons &, J,

e~
e T BB —ee 344 GeV

(51.4 keV/u)
PS :
Z — Electronic

— Nuclear §

stopping ‘ﬁ stopping
Albumin (bovine): ®
M = 67,000, :
Q = 55+ v
M/Q ~ 1 2oo & 77 Existing
g "‘i bending/focusing
Booster ] (LU
100 kV £}

injector




i RLNR/Tokyo-Tech Heavy-lon ICF Research Group
1pn BT PR MU,

Measurement of energy loss of GeV macromolecular <%%‘*
ions in a thin foil will be the first beam experiment. il

@ “Nano-joule, nano particle” irradiation experiment:

Palbumin = 67’000 amu / (4/3)71'Ralbumin3
=0.81 g/cm3

Albumin;
E, = 3.44 GeV
=0.55nd

Reduced Coulomb explosion
due to electron polarization (?)

3.44 GeV-4E

p= pcarbon"" Palbumin
=3.1g/cm3

0.71 nm ﬁl—l&

!D'Cture AX =44 nm
In scale !
Frank Zimmermann, RLC 17.03.2006
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The size of the heated volume is large enoughtobea [ £
“plasma”, not simply an electron-ion mixture.

Basic parameters for the heated microvolume:

Plasma frequency o, (temporal neutrality): Picture
e?n o In scale !
Wye = e =3.4x10" g™ L —=019"fs<< 1, :
EoMe a)pe '
Debye shielding length A, (spatial neutrality): <
Amino-acid residues:
S gokT =0.099 nNnm<<r* Blue, basic
e ng Red: acidic
Yellow: neutral
“Debye number” Ng: !
Plasma coupling parameter: Graphite: >
B e’ 0.14nm 4 .m
4re,(3147n,) KT, i< —
=0.26>0 égr :: S
-.Non-ideal plasma TR

Frank Zimmermann, RLC 17.03.2006



Conclusions: The KEK-AIA facility will be a unique
and useful tool for high energy-density sciences.

GeV-TeV biological macromolecules — a novel energy driver

KEK-AIA (“All-lon Accelerator”) as a macromolecular ion beam facility:
(Very rough, typical. value)

AL

f

It\)ﬂsgrgoggill?&ular/cluster ' Projectile I_Energy' Intensity Vacuum
MP tandem (Orsay ) cal Au, etc. | £ 100 keV/u | <108 ions/cm?2/s | ~ 107 Torr
600 kV Cockcroft-Walton (BNL) Biblogical | <1keV/u WD ~10-7 Torr
ELISA (Aarhus) macro- <10 nA ol o
ESRING (KEK) molecules <100 eV/u |~ 100 nA

DESIREE (Stockholm) _ ? 5x10-12 Torr
AIA = Booster + PS (KEK) = IM s&10% S50 kev/u ?

Preliminary experiments using MeV. (¢ keV/u) beams from “Booster”:
Realistic vacuum requirement: e.g. for Insulin'(M = 5,800, BR= 2.7 nm),

- =5+ > E=3.3MeV (0.57 keV/u)
= 5.7x10-1%em2 — prs = 9x1071%Forr = 10-° Torr

G|OSS

Nuclear stopping regime — Industrial applications (?)



Fast Pulser for ILC Kicker,
u'ﬂw burst rate 3 MHz, 15000 pps, <3 ns rise time
fesezcss
=" Adder Conc eptual Layout

MOSFET drive bd.
with surface-mount
capacitors

Diode clamp bd.
(MOSFET over-voltage
protection)

Cross-Section

Center Stalk - will be of adder cells

connected to kicker
structure with cables
(configuration shown for

pos. & neg. polarity pulses structure identical to induction accelerator

many drive circuits & transformers

@ ke
Ed Cook



WG3 - “LHC Wire l ens”

L

\
Frank Zimme



Ed Cook
& draft circuit




summary of WG3 discussion

developed circuit diagram of switching device

4 MOSFET switches, 2 or 3 power supplies with 10-4
stabllity, 2 resistors, 1 or 2 capacitors, arbitrary
waveform generator w multiple outputs

rather low cost
timing jitter may or may not be a problem
radiation hardness to be checked

transmission line effect (impedance, reflection, etc.) to
be addressed

plan to build prototype(s) at CERN; beam test at RHIC
in 2008

alternative wide-band rf approach implies much more
heating and parallel/serial MOSFETs

check jitter of RHIC & LHC timing systems

Frank Zimmermann, RLC 17.03.2006



