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Acceleration field  

• Electrostatic field  DC accelerator (i.e. Cockcroft- Walton, Tandem,  )

• Time varying electric field  RF accelerator (cyclotron, rf linac, synchrotron,..)

Particle species
• e  electron accelerator

• p  proton accelerator

• heavy ion, hadron (Z 1), molecules  heavy ion accelerator

Accelerator shape

• Circular  Synchrotron, Cyclotron, (Microtron) 

• Linear  Drift tube (Alvarez), Widroe

Superconducting accelerator

Sc-Cyclotron  superconducting magnet

Sc-Linac  superconducting rf cavity

Sc-Synchrotron?  superconducting magnet or rf ? 

Cockcroft- Walton 

generator

입자가속기 분류



Contents: RF hadron accelerators
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• Concept: EO Lawrence (1929):

• Proof of acceleration: MS. Livingston 

(1931): proton 80 keV
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• Limitation in increasing energy with fixed frequency 

by the theory of relativity (limit :20-25 MeV)

Modern cyclotron

• Isochronous field:
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• Thomas focusing (sector focusing, 1938)
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1. Cyclotron

Azimuthally Varying Field (AVF)

Vertically 

defocusing!

K value of heavy-ion cyclotron

Flutter (r)

Spiral 

angle



Longitudinal motion

In reality, no ideal magnetic 

field means phase excursion 

No longitudinal 

focusing

Energy gain/turn:

No energy spread



Harmonic motion

h: harmonic number

: rotation frequency of ion

h=2



A 70 MeV proton cyclotron of IBS (compact cyclotron)

Bavg(r)

Flutter (r)
f/f (frequency error)

Isochronized magnetic field and its error

Installed and under 

beam commissioning 

(July, 2022)

Central field 

bump for vertical 

focusing



Phase excursion Beam energy vs. radius

Characteristics of the 70 MeV Cyclotron

Horizontal focusing: r 

Vertical focusing: z 

Radial probe 

measurement, June, 2022

Vdee=50 kV

Vdee=36 kV



LLRF  Solid State Amp. (5 kW)  Final Power Amp. (100 kW)

RF system of 70 MeV cyclotron

Vacuum tube inside 

(tetrode, Thales)

Two dees

50 Ω impedance matching (Smith chart)S21 : resonance frequency
Quality factor



Separated-sector 590 MeV proton cyclotron at PSI (Switzerland)

-Spallation neutron source

-Muon production

I: > 2 mA (world highest power CW accelerator)

Cavity voltage: ~900 kV

Extraction efficiency: 99.99%



Neutron Spallation Source

PSI facility layout 



TRIUMF (Canada) 520 MeV H- Cyclotron

18m diameter, 4000 tons, Bavg, max= ~0.46T

Present facility Commissioned in Feb. 1976

ISOL 

target

ISAC 1&2, radioisotope 

beam facility



 Cold mass: 142 tons (Stainless steel: 101 tons, Aluminum: 41 tons) 

 3 weeks to cool down to 4.5 K

Largest heavy-ion superconducting cyclotron 
350 MeV/u = 2600 (87/238)2; 238U87+ 

Superconducting ring cyclotron (SRC) at RIKEN 



RIBF (RI Beam Factory) at RIKEN

Stopped beam 
(SLOWRI)

Fixed-frequency Ring 

Cyclotron for U 

acceleration (RRC-

fRC-RRC) , K=570 

MeV



Heavy ion beam acceleration at RIBF

From H. Okuno, Snowmass Workshop (Aug. 2021)



Synchro-cyclotron

Superconducting synchro-cyclotron for proton therapy (2009)

1946  1987

Still-river  Mevion Medical Systems

~20 tons



• Alvarez (DTL, drift tube linac)   mode or 2 mode  

• Widroe linac (Sloan-Lawrence structure, Interdigital structure)

 /2 mode or  mode

• Coupled Cavity Linac (CCL)

2. Linear Accelerator

Interdigital structure

-

+ + + + +

+ + + + +

- - - -

- - - - --

 <0.05

-for proton and heavy ions

-0.05 <  < 0.5

Side coupled linac

- Linear array of resonant cavities

- 0.4 <  < 1, TM010-like standing-wave

- two gaps per 

- Good  in 90-180 MeV (max. duty-cycle 10-15 %) 



A typical layout of ion linac

Low Energy Medium Energy High Energy

Schematic view of a linac system



Ion Source Basics

Ion source plasma surfaces

1. Proton: Plasma source, PIG (Penning Ion Gauge), ECR (Electron Cyclotron 
Resonance), multi-cusp ion source (H-)

2. Heavy ion: ECR 

Space charge current limited current extraction!



ECR Ion Source for high current in highly-charged states

Electron cyclotron resonance 0.23 T  6.4 GHz

f: rf frequency

c: Electron cyclotron resonance

Semi empirical “Scaling law” Iq~ f2Plasma volume

Higher Magnetic mirror fields

 rf freq. increase: 14 GHz  18 GHz  30 GHz

Multi-step ionization



RFQ potential
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Use two term potential

Ion accelerator which can both accelerate and focus with rf fields

•Used for low velocity particles ( 0.01 <  < 0.06)  Sloan-Lowrence structure

Radiofrequency quadrupole (RFQ)

-Invented by I.M. Kapchinsky and Vladimir Teplyakov (1960’s): Lenin Prize in 1988

-first demonstrated by LANL (75 mA, 600 keV in 1990) 
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RFQ vanes, field polarity and modulation parameters

Vane structure of the RFQ

H+, Vo=50 kV, f=400 MHz  =0.75 m
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RFQ structures

1. 4-vane structure

LANL, LEDA, 100mA,CW 350 MHz

INFN, Trasco (p): 352.2MHz

SNS: 402.5 MHz

2. 4-rod structure for heavy ions

3. IH structure

GSI-HIS RFG



Resonator, cavity 

 Transform high current & low voltage (low imdepance) to high voltage & low  current 

(high imdedance), and matches with a beam to transfer power

 Volume enclosed by metal wall that supports an electromagnetic oscillation

Electrical field: acceleration Magnetic field: inductive isolation (cavity is a short circuit)

Reentrant cavity

single-turn inductor 



RF power supplies
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T
r: radius of beam

f=24 MHz, =0.004  

= 5 cm

R= 0.4 cm

E= 4.5 MV/m

L=10 cm

ΔT~45 keV

The beam energy spreads 

significantly degrade beam quality!

Electric fields in quarter wave resonator (QWR)

beam

~/4          

(eg. 0.75 m 

at 100 MHz)

Z axis



Different cavity (resonator) structures for different 

(전자 빔에
주로 사용)



Figure of merit for cavity

Power dissipation

Cooling matters 

- superconducting?      

- cryogenic Cu?



Superconducting proton linac for spallation neutron source



Warm cold transition for recent linac designs

CW linac



Pb, Au, Xe,..

27 km ring

CEEN accelerators for heavy-ion collision

Pb-Pb collision (2018)

(1)
H-

(2)

(3)

(4)

(1.1)

~3 TeV/nucleon

ultra-relativistic 

heavy ion physics

Low Energy Ion Ring 

(long pulse  short pulse)



Linac3 (Pb,..) & Linac4 (H-) at CERN

14.5 GHz ECR ion source

ECR



1) Single charge stripping

2) Two Charge Stripper

Ion species: uranium

Stripper: carbon foil or lithium

E= 25 MeV/u

Frac= ~ 84 % (5 charges)

1st stripper

E= 13 MeV/u

Frac= ~79 % (5 charges)

2nd stripper

Equilibrium charge states after stripping by carbon foils

Liquid Li film target for high beam power 

RIKEN Charge stripping 

scheme for a Uranium beam

Charge stripping in heavy ion accelerators

Successfully commissioned at FRIB in 

Michigan State Univ. 2020

E=85 MeV/u



3. Synchrotron (pulsed beam) 

Working principle



Working principle



High power high-intensity synchrotrons worldwide

HI

p

BNL



FAIR (Facility for Antiproton and Ion Research) at GSI

Existing facility: provides 

ion-beam source and injector for FAIR

New future facility: provides ion and anti-matter

beams of highest intensity and up to high energies  

Super-FRS
Accelerator Performance

• 1012/s U28+ at 1.5 GeV/u

• 1010/s U73+ up to 35 GeV/u

• 3 x 1013/s protons at 30 GeV

• Bunch compression to 70 ns

Research

• gain factor of intensities for   

exotic nuclear  beams ~10 000



Fast ramping dipole magnets



RF cavities for synchrotrons



Beam intensities of SIS-18 synchrotron for different ions



Injection: Bunch to bucket 



4. Isotope beam production with hadron beam

1. In–flight fragmentation (IF) 

2. Isotope Separation on 

line (ISOL) 

3. A combined method

Comparison of the two methods

IF ISOL

Primary Beam Heavy (U,..) Light (p, n, d)

Target Low Z (Be, C.,,) High Z (U,..)

Separation Time Short Long

RI  beam energy Relying on  primary beam Reacceleration

Production 
targets



Two major nuclear mechanisms of IF 

1. Projectile Fragmentation

2. In-Flight  Fission Fragmentation (U)



Japan: RIKEN RIBF (IF)

USA: MSU FRIB (IF)

Germany: GSI FAIR (IF)

Canada: TRIUMF ISAC, ARIEL(e linac) (ISOL)

France: GANIL SPIRAL2 (ISOL)

High power facilities (> 50 kW)

Green: under construction

(FRIB)

(RIBF)

(FAIR)

(SPIRAL2)

(ISAC, ARIEL)

Rare isotope beam capabilities worldwide



Principle of IF separator 

A single stage separator

D: disperson, M: magnification

B-E-B

Resolution:

5.1

5.2

Z

ASeparation at degrader:



In-flight fragment separator in other facilities

Two stage, BigRIPS (RIKEN)

Three stage, FRIB (MSU)

Max. beam power:100 kW
238U: 350 MeV/u

Max. beam power:400 kW
238U: 200 MeV/u

Super-FRS (GSI) 

Production target

238U: 1.5 GeV/u

Ave. power: 23 kW

(pulsed 1.5 s: 6x1011/50 ns)



FRIB (Facility for Rare Isotope Beams) user operation from 2022

ARIS (Advanced Rare Isotope Separator)



Beam commissioning at FRIB (2017 ~present)

From presentation of P. Ostroumov (April, 2022)



5. Use of hadron beams

Stable ion beams 

1. Nuclear and astrophysics

2. Neutron science (p)

3. Applications: 

 multi-tracer: isotope production for radiation biology

 mutation of plant seeds.  accelerated evolution by radiation

 ion implantation (HTc superconductor, etc..)

Isotope beams

1. Synthesis of neutron-rich transactinide nuclei, which are more strongly bound and 

longer-lived.

2. Reliable models of astrophysical environments that describe nuclear synthesis and 

stellar evolution in the cosmos.  

3. Development of applications to new nuclear technologies for material science, 

medicine, and bio/nanotechnology. 

(RIKEN, GSI,..)



1.   양성자
Isotope production
Radiation therapy

2.  중이온 (A>2)
Ion implantation
Ion beam analysis, Radiation therapy
Microbeam (precision beam), Lithography
Accelerator Mass Spectrometry (AMS) (use DC machine)

3.  중성자
Radiography,radiotherapy
National Security (chemical warfare, special nuclear   
material, explosive detection)

Uses Accelerator
No of units in 

operation
Annual unit  

increase
Annual 

sales (억원)

Radiotherapy (e) electron linac 8000 400 7000

Radiotherapy (p,12C) 
cyclotron, 
synchrotron

25 2-3 600

Isotope production (p)
cyclotron, 
hadron linac

250 15 300

Commercial markets of biomedical accelerators (2007) 

입자 빔의 생의학 및 산업적 이용
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I. 방사선치료

II. 핵의학동위원소 III. 중이온빔 생물조사

경주양성자연구단자료

양성자빔의에너지에따른용도

Biomedical uses of hadron beam



핵의학동위원소 생산 (PET, SPECT, for theranostics,..) 

10-20 MeV for PET (Position Emission Tomography)

11 MeV H-사이클로트론 (CTI) 30 MeV H- Cyclotron (IBA)

30 MeV for Nuclear 

Medicine such as SPECT

11 MeV H- Superconducting 

Cyclotron (Oxford Instru.)

30-70 MeV H- Cyclotron (IBA)

67Cu (therapy+diagnostic applications) 
47Sc (PET + radionuclei therapy) 
82Sr/82Rb (heart function) 

Advanced Radioisotopes for theranostics



양성자를 이용한 방사선 치료 (70-250 MeV)

Depth (cm)
0               10                 20              30 

1

2

3

4 Proton

X-Ray
SOBP

Co-  

electron

R
e
la

ti
ve

D
o
s
e











Z

C

T

T

I

TmZ
Ncmr

dx

dE eceh
elee 2)1(

2
ln2

max

2

2

max

22

2

2
22 






Bethe-Block formula

Zh: 입사빔의 유효 전하, re: 고전적 전자 반경, 
Nel: 전자 밀도, δ: 보정항, Ce/Z: shell 보정항.

200 MeV

Superconducting cyclotron (PSI, 

Switzerland)  Varian Inc. Europe

J. Kim, Magnetic fields and beam optics studies of a 250MeV 

superconducting proton radiotherapy cyclotron, NIM A 2007

Tumor 
volume



국립암센터양성자치료시설

국립암센터 & 삼성병원 양성자치료시설

삼성서울병원, 양성자치료지속증가, '소아암' 최다 (‘22, 1월)



Facilities developed 

commercial products In operation

Bevalac facility at LBL

Pioneering facility (~‘70)

Hadron beam therapy facilities I



연세의료원에설치될중입자치료기는세계에서
15번째로설치되는중입자시설로서 2023년말국내
최초의중입자치료가연세의료원에서시작될예정이며
매년약 1,200명의암환자가중입자치료를받을수있을
것으로예상

MedAustron facility (1st beam, 2014)

p: 60-250 MeV; C6+: 120-400 MeV/u

Hadron beam therapy facilities II

Heidelberg Ion Therapy Center 

(HIT):1st patient, 2009



6. Sustainable accelerator with SRF technology

Two talks in APS meeting, April, 2022



CLIC: Compact LInear Collider

- CERN, e-positron collider

- 3 stages: 380 GeV, 1.5 TeV, 3 TeV 





New SRF cavity development and compact accelerator for application  



ISIS Neutron and Muon Source (Rutherford Appleton Laboratory)

pulsed neutron and muon source, operation in 1984

Efforts are essential to utilize new technologies and to make accelerator 
system more compact & economical.  


