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Particle Accelerators

Classification of Accelerators

Non-electrostatic

Resonant

Linear Circular

Cyclotron RF Sychrotron•RF Electron Linac

•RF Quadrupole

•Drift Tube Linac

•Coupled Cavity Linac

Popular

Electrosatic

•Cockcroft-Walton

•Van de Graaff

•Pulsed diodes

Popular

from Induction Accelerators (Springer 2010), K. Takayama and R. Briggs 

Circular

Induction

Sychrotron
Betatron

Ion Induction LinacElectron Induction Linac

Induction

Microtron

Linear

Nonresonant

Popular

Popular

KEK original

(RF Accelerator)
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Historical Evolution of Circular Hadron Accelerators

Wideröe in 1928

Cyclotron

Lawrence in 1931
Synchrotron (Weak-Focusing)

McMillan, Veksler in 1945

Betatron

Wideröe in 1928

Betatron

Kerst in 1941

Linear Betatron

Christofilos, Veksler in 1956 Synchrotron (Strong-Focusing)

Christofilos in 1950

Courant, Snyder, Livingston in 1952

Synchrotron (Separate-function)

Kitagaki in 1953

Induction Synchrotron

at KEK in 2000

(Synchrotron Radiation Source)

Collider

High Intensity Driver

Induction Microtron

at KEK/TIT in 2012

Electron Cyclotron

Veksler in 1945

3 GeV Cosmotron at BNL

6 GeV Bevatron at Berkeley

28 GeV AGS at BNL

Tevatron, RHIC, LHC, (KEKB)

FNAL Main Injector, J-PARC, SNS 

Hadron driver for cancer therapy

(RF technology)

(Modern technology: superconducting, 

computer, novel  mag.materials etc.)

Non-resonant

Evolution of RF accelerator

Evolution  of Induction accelerator

Microtron

Schwinger, Schiff in 1946

Ito and Kobayashi in 1947

Cathode tube

Two Gaps Accelerator

Ising in 1924

(Solid-state power device)



Dee

Dee

Top view

RF oscillator

D: High voltage deflector
I:   Ion source
B: Exit
Spiral：track of ion

1931 E.O.Lawrence , the first cyclotron (1939 Nobel P.)

Idea: AC voltage or RF (angular frequency w) is introduced 
between the gap of Dee electrodes (Dee itself is hollow) 
as an accelerating midium.

Operation principle of a Classic Cyclotron

Condition of repeated acceleration：

Force balance in the radial direction：

•Once w and B are fixed, 
any ions with the same (e/m) can be accelerated in the cyclotron.
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60 inch Cyclotron (3rd one,
California Univ. Radiation Lab. 1939)

Inventor

E.Lawrence

The latest Cyclotron
Super-conducting Ring Cyclotron
（RIKEN, 2006）

Actually constructed cyclotrons

4.5 inch table top cyclotron
(1931)
H- ion
Acieved energy：80 keV, 
Accelerating voltage：1.8 kV

1st Cyclotron



Evolution of Circular Accelerators

N

S

N

S

Variable B

Constant orbit

Synchrotron

Sector Type Cyclotron

S

N

Constant B

Variable orbit

(spiral orbit))

Possible solution －＞ Splitting of Magnet Pole

S

N

N

S

Demand to High Energy -> large magnet -> too heavy

 (mometum)  (magnetic regity)p B



Ion bunch

B

Split bending magnet in which pole face
has gradient for focusing both directions

Acceleration
cavity

r

Acceleration voltage/turn:
Vacc=CdB/dt

Synchrotron Basic

Injection Bending magnet
with function of focusing

extraction

RF cavity for acceleration

Cross-section 
of magnet

Basic configuration
（top view）

Acceleration in Cyclotron

Focusing in Betatron

Synchrotron

Ion source



Acceleration and Confinement in the longitudinal direction

Schematic RF cavity
and Electric fields

 rf

z

V t
E

d


Acceleration device (RF cavity) is operated so as to accelerate

a single particle called an ideal particle. Other particles of 

1012 ~ 1013 can be simultaneously accelerated.

Phase Stability

t-ts

ｖ-ｖs

RF fields and Particles in acceleration phase

Vrf(t)

Vacc

t

Fast particle

Ideal particle:

(Accelerator is designed

so as to accelerate this particle.

Slow particle

v：velocity

t：time at which a particle arrives

at the cavity

s

RF Cavity
d (gap)

E (electric

fields)



Confinement of Charged Particles with Various Velocity Vector 

Any confinement forces are required.

d

dt
m  vx  e  vs By F

Particles of 1010-1012 have to be confined and simultaneously accelerated 

in a real circular accelerator.

Particles have various velocity vectors.

In coordinate moving with averaged velocity
of charged particles (velocity of the ideal particle)

Vacuum
chamber

Reasons: Intrinsic initial distribution, scattering by residual atoms and molecules,
intra-beam scattering (self interaction in the same bunch), effects from
amplitude dependent error fields



Orbit Coordinate  and Betatron Motion
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s

(x,y;s)

vs

Arbitrary particle

Ideal particle



 
 

Lorentz Equation

d γv
m =e E+v×B . 

dt

From time coordinate to orbit coordinate (orbit of an ideal particle) 

Inorder to discuss a small amplitude motion

around this orbit of the ideal particle, introd

sds v dt 

：
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Cancel out

>>

Medium plane in the magnet pole gap

This existence of field gradients can give the orbit stability in Betatrons and Synchrorons.  

Orbit Equation

(called Betatron Equation)



Summary of Forces on a particle in the guiding magnetic fields
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•Reducing centrifugal force 

due to a large curvature (+x)

•Reducing Lorentz force 

due to |By(x,0)| < |By(0.0)|

•Additional Bx



Guiding Magnet and Lattice for a Weak Focusing Synchrotron
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Inventor:  Prof. E.M.McMillan
awarded Nobel Prize (Chemistry) in 1951

not for invention of Synchrotron

but for discovery of Neptunium using Cyclotron
E=340MeV（electron）
Weak focusing synchrotron constructed in1946

1st Synchrotron

University of California in Berkeley, Radiation Lab. (later LBL)



Cosmotron (BNL)

1953-1966
Energy:3GeV

Discovery of K-meson, Vector meson

Weak focusing magnet

Van de Graaff Injector

2nd Largest Weak Focusing Synchrotron



From Weak Focusing Synchrotron to Strong Focusing Synchrotron

Combined type
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In other word:  Alternating Focusing

It was mathematically proved that the combination of focusing and defocusing 

magnet gives  the stability of betatron motion, with a big figure of merit in 1950 and 1952,

which is analogous to guiding of light using focusing lens and defocusing lens.



Ernest Courant
Son of famous Mathematician Courant

Stanley Livingston
Pioneer of Cyclotron development with Lawrence

Mourice Goldhaver

Nickolas Christofilos
Greek electronics engineer
BNL -> LLNL
Pioneer of linear induction accelerator

Inventors of Strong Focusing Principle

Hartland S. Snyder
Co-author of famous paper on

Black-Hall with Oppenheimer



Inventor of Separate-function
Type Synchrotron:
Prof. Toshio Kitagaki
(Tohoku University in Japan)

Concept was crucial to realize

Collider
Synchrotron radiation source.

1 month later from publication of Counrant’s paper,

Kitagaki proved that the same stability can be warranted

even if  the quadrupole field components in the combined

-type bending magnet are separated.



Strong Focusing Synchrotron (1): Separate-function type
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Quadrupole magnet 
for focusing and defocusing

Iron york

Excitation
coil

Focusing quad.

Defocusing quad.

Bending
magnet

Strong Focusing Synchrotron (2): Lattice

Lattice

Let think about a magnet system consisting of  bending magnet 
and focusing/defocusing magnet.

Note: Coefficients of restoring force are a functions of orbit coordinate s.
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Lattice

Equation of motion: Betatron equation

s

Kx(s)

s

KY(s)

Injection

line
Extraction

line

Acceleration region



Tevatron

Main Injector

Booster

Antiproton
accumulator

New Injector (FNAL)

50 km west Chicago

4.5 Tesla Superconducting 
magenet

Tevatron accel. tunnel

Circumference 6 km

Energy               1 TeV

B0 Detector
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1 in 1 3.45 T 
superconducting 
magnet

RF in the colliding 
mode

Relativistic Heavy Ion Collider (BNL)



KEK Tsukuba Campus

KEKB e- - e+ Collider

Photon factory

Digital Accelerator

2 km

1 km

8 GeV e-, e+ Linac

ATF
ERL

Mt. Tsukuba

former 12 GeV PS



High Intensity Proton Driver (J-PARC, KEK Tokai Capus) 

東海

3 GeV Synchrotron 30 GeV Synchrotron

400 MeV Linac

T2K Experiment

Neutrino Line

to Super Kamiokande



LHC (CERN)

Large Hadron Collider (LHC)

7 TeV p x 7 TeV p collider

circumference：27 km

run since 2009

2 in 1 8.3T superconducting magnet

Thermal 
shield

Vaccum
vessel

Iron york

Path of liquid He

Experimental facility

(ATLAS) conducted by Japan et al.



TLEP and Super High Energy LHC in the same tunnel

Circumference of ring：80 km

350 GeV e+ x 350 GeV e- Collider

100 TeV p x 100 TeV p Collider

Luminosity: 5 x 1034 cm-2sec-1

2x106 Higgs /5 years

Present LHC

 International design team has started their tasks.
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Neutrino Factory: CERN Scenario

Grasasso

Gran-sasso

6 6

2 3

18 9

10 18

 +  + 

 +  + e

He Li e

N Fe e
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US Design 

based on 

Induction Linac

EU Design 

based on RF 

Accelerators

Heavy Ion Inertial Fusion Drivers

Requirements of driving beam:

Pulse length ~ 10 nsec

Range on target material  0.1 – 1 mm

Beam power 1 MJ

Rep-rate 1-10 Hz

Solution:

low charge state  

large mass number

large intensity

U1+ etc.

Combinning of many beams downstream

Partial success of I.F. => rather induce tone-down of I.F. itself in US
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Drivers to obtain Swift Heavy Ions for Various Applications

Van de Graaff,1931

1. ES Accelerator (1931-) 2. RF Linac (1945-) 3. Cyclotron (1931-) 4. Synchrotron (1945-)

Type Advantage Disadvantage

Electrostatic Accelerator
(Tandem at Orsay, IUAC)

Any ion species Energy  limited due to discharge

RF Linac A lot of experience
Easy beam extraction

A/Q limited
Expensive for high energy

RF Cyclotron 
(low, medium energy)

DC beam available
Wide range of ion species

A/Q limited

RF Synchrotron
(medium energy)

Extremely high energy obtainable A/Q limited
Large scale injector required
Expensive

•Induction Synchrotron
(Digital Accelerator)
•Induction Microtron

Any ion species
A/Q no limited (e.g. U1+)
Large scale injector not required

Beam intensity limited (due to low 
energy injection)
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VECC, IBA Univ. of Tsukuba, Hitachi



From Betatron to Induction Synchrotron / Cyclotron/Microtron

with Kerst

K.Takayama and R.Briggs (Eds.)
“Induction Accelerators” 
(Springer, 2010 )

for more history

Induction cell

f ~ 3 kHz - 1 MHz

Microtron

Sector 

magnet

Bunch 

monitor

Induction 

acceleration

cell

Cyclotron/FFAG

Younger brothers

Proposed in 

CYCLOTRON2010

Betatron   
d

V E dl B ds
dt


       

Exciitation coilFulx densityIron york

N

S

Top view Orbit

r

（first Betatron)

Vacuum chamber

Father

f < 1 Hz
(burst ~ 1 kHz)

Linear induction
accelerator

10kA, 50-MeV 
ATA (LLNL, 1983)

Elder brother (invented in 1954)

Topological

modification

f ~ 0.04 - 3 MHz
turn-by-turn 
acceleration

Excitation
Coil (primary)

Induction Synchrotron

Synchrotron

lattice

Introducing DNA of Induction 

Accelation



1-to-1 pulse
Transformer

(Induction cell)
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Switching
Power supply

Difference between RF Synchrotron and Induction Synchrotron

Functionally combined acceleration/confinement ->
increase in the local density -> limit on a beam current

time

RF volatge

Deceleration phase

Acceleration
phase

Diffusion phase

Ion bunch

Functionally separated acceleration/confinement
-> increasing a freedom of beam handling

time

Pulse voltage for confinement

Pulse voltage for acceleration

Ion bunch

R
F  Syn

ch
ro

tro
n

Resonant
cavity

Cavity and RF amp.
with a limited bandwidth

In
d
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2000
Takayama/Kishiro

D
igital trigge

r
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r

V

Cascade type of 
accelerator complex

Linac

Booster
Main

accelerator

Ion source

Io
n

 so
u

rce

Main 
accelerator

Single stage
accelerator

RF
input

v=cb

1945 E.M.McMillan, V.Veksler
SW2

SW1

SW3
SW4
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Demonstration of two types of Induction Synchrotron

(1) Slow cycling 

induction synchrotron

in 2006

KEK 12 GeV Proton Synchrotron

where Guiding fields are excited 

by pattern control power supply

(2) Fast cycling 

induction synchrotron

in 2013 

KEK Digital accelerator

where Guiding fields are excited 

by resonant circuit

0.25  – 1.5 T 

0.039 -0.84 T 

t (sec)

B(t)

~ sec

t (msec)

B(t) 10-50 

msec

Required accelerating

Voltage          Vacc (t)

injection
extraction

Vacc= C0 dB/dt

K.Takayama, K.Koseki , S.Igarashi, T.Iwashita, J.Kishiro, 
M.Shirakata, T.Toyama, M.Watanabe et al., Phys. Rev. Lett. 94, 
144801 (2005)
K.Takayama et al., Phys. Rev. Lett. 98, 054801(2007)

T.Iwashita, K.Takayama et al., “KEK Digital Accelerator”,
Phys. Rev. ST-AB  14, 071301 (2011)
K.Takayama et al., Phys. Rev. ST-AB  17, 010101 (2014)

Transient to induction cell 

with constant Vout



Heart of Digital Accelerator : Evolutional Induction Accelerator System

Primary terminal

Proton beam

Magnetic 

material: 

nanocrystoline

Stack of 4 cells

Vout=3 kV/cell

Z0(120W)
V0

Z R C

L

Induction acceleration cell

Vout

Switching power supply

C0

DC

P.S.

E
q

u
iv

a
le

n
t C

irc
u

it

Rep-rate:

1MHz

Transmission

line

Swtiching arm S1
(7 MOSFETs in series)

1st Gen.：0.7 kV Si-MOSFETboard

by Koseki (now J-PARC), Tokuchi (now PPJ) et al. 

2nd Gen.：
SPS and 

1.2 kV SiC-JFET

(custom package)

3rd Gen.：2.4 kV SiC-JFET (custom package)

4th Gen.

3.3 kV SiC-MOSFET

from AIST

by K.Okamura (J-PARC) et al.

Matching resistance



Induction cell
10 cells
Vout= 2kV/cell

prton beam

Bending magnet

40MeV H-Linac

500MeV
Booster Synchrotron
C0=37m

KEK 12GeV 
Proton Synchrotron
C0=340m

750keV
Cocklofｔ-Walton

Complete Demonstration of the Induction Synchrotron Concept (2006, March)

ion：H+

500 MeV -> 6 GeV
N=2.5 x 1011

Switching Power Supply
（40kW、Max frep=1MHz）

K.Takayama et al., Phys. Rev. Lett. 94, 144801 (2005) 
K.Takayama, T.Dixit et al., Phys. Rev. Lett. 98, 054801 (2007)

500 MeV 6 GeV
Pulse voltage
for confinement

Proton bunch
signal

Pulse voltage
for acceleration

2.0 sec

t

B(t)



KEK Digital Accelerator (Fast Cycling Induction Synchrotron)

34

34

B3

T. Iwashita et al., “KEK Digital Accelerator”, Phys. Rev. ST-AB 14, 071301 (2011).

Induction accel. cell

ECRIS & 200  kV HVP

QF1

QD2 QF3 QD4
QF5 QD6

QF7

LEBT & ES Kicker Accelerated

heavy ion

Circumference 37.7 m

Bmx 0.84 Tesla

Mximum energy 315 MeV (p), 2.15 GeV （Gold）

Septum magnet

Extracted beam

Injected beam
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Ion Source (present and near future)

190 kV

10 kV 13kV

Moveable Target

Drift chamber

Guiding magnet 
with length L, Bz

HVP

Einzel lens 
chopper

Post acceleration 
column

Extraction electrodeLaser

Ion source Expected ion Energy Particle
number/sec

ECR Ion Source H, He, C, N, O, Ne, Ar < 140 Me V/au, 200MeV <1010

Laser Ablation Ion Source Xe, Al, Fe, Cu, Ag, Au < 70 MeV/au < 109 35

N
e

Io
n

 P
u

lse

Present ion source (ECRIS) for Gaseous ions LAIS for full stripped C and metal ions

N. Munemoto et al.

R.S.I. 85, 02B922 (2014)35

Full striped carbon



Fully programmed control of KEK digital accelerator

Acceleration gap

Magnetic core

Bq

Switching Power Supply

FPGA

Induction Acceleration Cell

（1-to-1 Pulse Transformer）

Ion beam

PC

Input data：

(revolution frequency,

Trigger timing)

Start of trigger

Guiding magnet

Ion 

source

DC Power Supply

V

V

More Realistic Operational Layout of KEK Digital Accelerator

Trigger signal  controller

Ramping pattern of 

guiding magnet

Field programmable gate array

by courtesy of my graduate students



Acceleration of A/Q=4 Ions
1) Early stage of acceleration

2) Late stage

of acceleration

Vbb

Vacc

IB

K.Takayama, T.Yoshimoto et al., “Induction Acceleration of Heavy Ions 

in the KEK Digital Accelerator”, Phys. Rev. ST-AB 17, 010101 (2014) 

t

t

t
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corresponding to

1 revolution time



Flexible Beam Handling in Digital Accelerator 

Projection of  bunch signals

on 2D time plane

(2) 

Splitting

and

merging 

time

Injection/capture

t

t

t

split

merge

Splitted

beam

T.Yoshimoto et al., IPAC2014

8 nsec/turn

0-7 msec

Dp/p

fixed

(1) Bunch squeezing

Accelerator

ring

Before squeezing After squeezing

X.Liu et al., RPIA2011 



Range in Au target(100 m -1 mm)

C-60 (A=720)

Dose distribution of various quantum beams

neutron

-ray 

proton

Carbon             

R
e
la

tiv
e
 D

o
s
e
 (%

)

Depth form the surface of body (cm) cancer area

U1+ (A=238)

Si-108 (A=3024)

Extremely high energy density in a target

Giant Cluster Ions as the 4th Generation of High Energy Projectile Particle

 Extremely large stopping power

(Nonlinear effects or Cluster effects)

Entire beam energy is deposited in

localized  physical space in target material.

inducing novel states of matter

leading to novel materials

400 MeV/au

with covalent bond structure

cohesive energy ~ 4.15 -4.21 eV



Accelerator B  Merit/Demerit

Induction 
synchrotron

Increasing is in principle 
possible, introducing
S.C. magnet of 8.5 Tesla

fixed •Low injection fields of S.C. mag.  are not stable.
•Large aperture required at injection stage does not 
seem to allow the extremely high field S.C. magnet.

Induction 
cyclotron (*)

fixed (~ 1.5 Tesla) Its increasing  is 
inherent 
property

•Acceleration method there is completely same as 
that in the induction synchrotron.
•Large size induction core with race-track shape is 
required. Its assembling is not easy and it’s expensive.

Induction 
microtron

fixed(~ 1.5 Tesla) Its increasing  is 
inherent 
property

•Induction acceleration cell employing a toroidal-
shape core is completely same as that for induction 
synchrotron.
•Acceleration method there is completely same as 
that in the induction synchrotron.
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Comparison between Induction Synchrotron and its Brothers

Integrated acceleration voltage in a circular ring, which is a parameter being compared

with the acceleration voltage of a single-end electrostatic accelerator：

A: mass number of cluster ion, Q: charge-state

B: flux density of guiding magnet, : bending radius

* K.Takayama, T. Adachi, H. Tsutsui, W. Jiang, and Y.Oguri, “Induction Sector Cyclotron for Cluster Ions”,

Proceedings of Cyclotron2010, 331-333 (2011).

In order to increase V,

it is a unique solution to

increase

Magnetic Rigidity.



Brief History of Microtron

1944       Proposal of Electron Cyclotron by V.I.Veksler (former USSR)

1946-47  Proposals of Electron Microtron

by J. Itoh and D. Kobayashi, J.S.Shwinger, L.I.Shiff

Hereafter The early microtron was constructed in Canada.

1958 Reviewing paper by A. Roberts Annals of Physics 4, 115-165 (1958).

1960-70  Various microtrons had been constructed and dedicated to Nuclear Physics

in world wide.

1990- Industries provide a small size microtron for synchrotron radiation sources

and constructed as an injector to it.

Two full text books describing electron microtrons are available now.

Classical Microtron

(Typical example : that of RRCAT)

Race track-shape Microtron

from Wikipedia



Linac

Existing biggest one: 1.6 GeV e- Microtron of Mainz University

Fixed bending magnet

Injection energy: 0.8 GeV

Extraction energy :1.6 GeV

Revolution:  ~ 30



Electrostatic 

Injection Kicker

Induction Acceleration Cell (30-50 kV/turn)

Double Sided Induction Microtron for Cluster Ions

L2 (~ 25 m)

r1

r2

Extraction KickerDoublet

C-60 (A=720)

Induction Microtron for Cluster ions and Super heavy micro particles

Extraction Septum Magnet

Cosmic dust

K.Takayama et al., “Induction Microtron for Cluster Ions”

published in Phys. Rev. ST-AB

f (kHz)

H+1

Au+20

(C-60) +7

r (m)

RF is available

only in this region.

R
e
v
o
lu

tio
n

F
re

q
u

e
n

c
y
(k

H
z
)

Si-100 (A ~ 3x103)

with superlattice structure

Injection energy orbit

Extraction energy orbit



B BF D FD

BF D B FD

L1/2L1/2

How can we guarantee the orbit stability from injection to extraction?

Induction Microtron＝Induction Synchrotron with adiabatically varying

orbit length

s

s

Oribit drift region

Near Injection

Near Extraction

（~ 1000 turs）

fix

change

Half of Ring

Edge focusing at both sides of the bending magnet  is significant.

fix

It is impossible to keep the stability only by Doublet system

time
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 2 1q q

Horizontal

Vertical

Edge focusing
Assuming gradient magnet profile

Top view
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Path length 

in the main magnet

Introducing of Inversed Fields Strip
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Introducing Field Gradient in the Bending Magnet

Defocusing for vertical direction

Reversed fields

Focusing in the vertical 

direction
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Mitigation of focusing
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Field calculation by Wake (KEK)



Orbit in Bending Magnet with Uniform Gradient
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Orbit in the bending magnet: 
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cosf is a reduction factor of k-value.
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Scenario for Induction Acceleration and Confinement and their Control Procedure
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Summary 

Induction 

Circular 

Accelerators

Time-varying 

guide-fields

Fixed guide-fields

Induction Synchrotron

Induction Microtron

with

Induction Micotron may be indispensable to accelerate stable giant cluster

ions such as C-60 or Si-100 to high energy. Giant cluster ions may be the 

4th generation of accelerating particle following e-, proton, and heavy ion.

Conventional Circular Hadron Accelerators have achieved 

a level of state of art.

Their scale-up is relatively easy.

New trend is going to begin, adding further flexibility to

the existing beam acceleration and handling technology


