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• KEK
- POP FFAG 0.05-0.5MeV(1MeV):2000

 proof-of-principle, scaling(DFD),proton, MA rf cavity
- 150MeV FFAG :2006

 scaling(DFD),prototype for particle therapy, 100Hz

Kyoto Univ., RRI
- ADS(Accelerator Driven System) project, 

FFAG+Reactor:2007
 3 rings (Injector(2.5MeV spiral), booster(20MeV DFD), main 

ring(150MeV,DFD)

NEDO project/site KURRI
- ABNS(accelerator-based neutron source) for BNCT 

(boron neutron capture therapy):2008
 ERIT (emittance/energy recovery internal target): FFAG proton 

strorage ring + internal target, 11MeV proton+ Be target, 
ionization cooling

FFAG R&D Activities in Japan



History of FFAG Proton Accelerator

 1953: Basic concept by Ohkawa
Proton FFAG accelerator was not 
successful until recent
difficulty in fabricating RF cavity with 

variable frequency & high gradient field
 1998  Development of RF cavity 
using Magnetic Alloy

    Grant-in-Aid for Scientific Res. by 
MEXT Y. Mori, KEK

 2000 Development of Proton 
FFAG Accelerator
  Grant-in-Aid for Scientific Res. by 
MEXT: Y. Mori, KEK

 2005 Development of 150MeV 
multipurpose FFAG accelerator
    100Hz Operation!

Grant-in-Aid for Creative Basic Res.

Proof-of-Principle (PoP)-Proton FFAG Accel.

RF Cavity

150MeV FFAG



EPAC06, June 26-30, 2006, Edinburgh
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Fast spot scanning 
exeriments & simulations

multipurpose FFAG with 100Hz operation



EPAC06, June 26-30, 2006, Edinburgh

Neutron Source for BNCT

･ Requirements

   ･ Large neutron flux
         > 1x109 n/cm2/sec at patient 
   ･ Low energy spectrum
        thermal/epi-thermal neutron

Limited to extend the use of 
BNCT widely in society.

10 µM

10B1n α-particle

1n + 10B → 4He (α) + 7Li + 2.8 MeV

10B compound α particle

Nuclear reactor only can 
provide these neutrons.



• PRISM project  <-- Dr. Arimoto
- Mu-e conversion:  Muon phase rotation ring

• Mitsubishi Elect. Co.
- table-top electron accelerator

 X-CT:FFAG+synchrotron hybrid

• Others
- Collaboration btw Fukui Univ. & Kyoto Univ.

 Dev. FFAGs & education

FFAG R&D Activities in Japan
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N=10
k=5(4.6-5.2)
F/D(BL)=6
r0=6.5m for 68MeV/c
half gap = 17cm
mag. size 110cm @ F center
Triplet

θF=2.2deg

θD=1.1deg

tune
h : 2.71 
v : 1.52

FFAG03@KEK2003/7/7

Phase Rotation Simulation:Phase Rotation Simulation:

Horizontal Phase SpaceHorizontal Phase Space
Initial Phase

After 1 turn

After 2turns

After 3turns

After 4 turns

After 5turns

54.4 61.2 68.0 74.8 81.6MeV/c

PRISM project



Mitsubishi Elect. Co (MELCO)

combination of FFAG and synchrotron  
-->compact ring(small orbit excursion)



  

Accelerator-driven Subcritical Reactor (ADSR)

Subcritical AssemblyNeutrons

Electricity

Incineration Transmutation

Scientific Research

Accelerator

Ion Source
Beam for
Scientific Res.

Medical 
Applications

H
eat

Applications

Power 
Generation

Proton Beam

Hybrid technology
based on reactor 
& accelerator 
technologies

Target

 Increased safety 
margin to nuclear 
excursion
 Good performance 
characteristics in 
breeding & transmutation
 Flexibility in fuel cycle

ADSR Project at Kyoto Univ. 
Research Reactor Institute

K. Mishima



  

Radiotoxicity

Radiotoxicity ratio of the 
mass of nuclide to the 
permissible limit of annual 
intake

Raiotoxicity of FP’s is 
dominant within 100 years 
after reprocessing, and 
that of MA’s thereafter

Half-lives: 
     Sr-90    28yrs.

 Cs-137    30yrs.
     Np-237   2.14 M. yrs. 
     Am-241   433yrs

Am-243   7370yrs.

Long term risks could be 
reduced if MA’s are 
reduced

Time after reprocessing (years)
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Example of Accelerator-driven Transmuter



  

Subjects on ADSR

Accelerator R&D

Beam for
Scientific Res.

Ion Source

Development of stable 
high power accelerator
with high acceleration 
efficiency

Neutronics and dynamics of 
the subcritical core coupled 
with the accelerator system

Subcritical System 
Neutronics

Material Research

Energy-dependent 
irradiation effects & 
development of new 
reactor materials

Thermal-hydraulics

Heat removal from target 
& reactor core at very high 
thermal load and thermal 
stress analysis



  

Accelerator R&D

Beam for
Scientific Res.

Ion Source

Development of variable-
energy FFAG accelerator 
with high acceleration 
efficiency

Energy-dependent neutronics 
of subcritical system coupled 
with variable energy FFAG 
accelerator 

Neutronics of 
subcritical Core

(FFAG: Fixed Field Alternating Gradient)

Feasibility Study on ADSR Using FFAG Accelerator



  

ADSR Power 

Main Feature of Proposed ADSR 

Variable-energy FFAG 
accelerator
Control by beam energy  

  & beam current

Spec. of FFAG accelerator
Energy : 2.5 150 MeV
Current: 1 A

Control of S
Control by beam current
Control by beam energy

Subcritical core: Thermal neutron 
system



  

Ion Source

ＦＦＡＧ Accelerator

targetProton beam

ＫＵＣＡ Ａ-core

Subcritical core

Concept　of　FFAG-KUCA　Experiment on ADSR

Shutter

magnets

KUCA BuildingInnovation Research Laboratory



  

Advantage of FFAG

  Fast acceleration

  DC magnetic field allows the beam acceleration 
only by RF pattern.  No needs of synchronization 
between RF and magnets. 

  High average current with large repetition rate 
and modest number of particles in the ring

  Space charge and collective effects are below 
threshold. 

  Large acceptance

  Transverse (hor.)>10,000mm.mrad

  Longitudinal  dp/p>10%



  

         FFAG                      Synchrotron
 

1.  Magnetic field     static (fixed)          varying with time

2.  Closed orbit               moving                    fixed

3.  Focusing                strong                    strong

4.  Duty factor               large～10-50%       small 1%
Repetition cycle)          max. 1kHz          50Hz

5.  Space charge              not critical              severe
        instability

   Problems to be solved to develop FFAG synchrotron
Complicated magnetic field 3D Codes TOSCA, etc.
RF system  high acceleration rapid tuning
Development of high gradient & broad band RF cavity

Comparison between Synchrotron and FFAG 



  

Beam Specifications of FFAG Accelerator



  

Configuration of FFAG Accelerator Complex

150MeV
1 A

120Hz

200MeV
100 A
1kHz

Ion Source

Ion Beta

Main Ring

KUCA

Booster

100keV 2.5MeV 20MeV 150MeV

  Spiral focusing 1st for ion accelerator in the world
  Acceleration by induction core 1st for ion accelerator in the world
  Magnetic field by multi-coil 1st in the world 
  Continuous injection by static field 1st in the world

Similar design as precursory KEK FFAG 
accelerator to save design cost 



  

System Parameters of FFAG Accelerator

Focusing

Acceleration

Number of Cells

k-value

Injection Energy

Exit Energy

Pext/Pinj

Injection Orbit 

Exit Orbit

Ion Beta

Spiral

Induction

8

2.5

100keV

2.5MeV

5.00

0.60m

0.99m

Booster

Radial DFD

RF

8

4.5

2.5MeV

20MeV

2.84

1.42m

1.71m

Main Ring

Radial DFD

RF

12

7.6

20MeV

150MeV

2.83

4.54m

5.12m



  

Layout of FFAG Accelerator Complex

To KUCA

Ion-beta

Main ring

Booster

Proton beam



  

Variable Energy FFAG Accelerator Complex
Extraction proton energy can be varied by changing k-value of Ion Beta



  

Ion-Beta - Spiral Type FFAG Accelerator 

uFocusing by spiral magnetic 
field

uMagnetic field shaping with 
multi-coil magnets

 Acceleration by induction 
core



Booster



  



  
KUCA-A Core - solid moderated and reflected -

Neutronic Study of Subcritical Core



  

Concept of KUCA A-Core Set-up 



  

Example of Core Configuration in KUCA-A Core



  

Previous Results of R&D for ADSR

 Characteristics of ASDR depends significantly on 
     neutronics in the subcritical core

 Neutronic design of ADSR requires much higher 
     accuracy in calculations
   ∵ neutron multiplication µ1/(1-keff) 

 Method for analyzing ADSR dynamics should be    
     developed
    ・Monte-Carlo calculation taking account of 
      delayed neutrons



  

Calculated Thermal Power of KUR-type ADSR

Thermal power of KUR-type ADSR (proton beam current=1mA ) as 
a function of target material and effective multiplication factor



  

Temporal variation of neutron spectrum in ADSR 
after injection of pulsed proton
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KUCA experiment

1/(1-keff)

Comparison of Neutron Multiplication
between Experiment and Calculation



  

Objectives of Present Neutronic Study on ADSR

 KUCA Preliminary Experiment Using 14MeV incident 
neutrons
 Measurement of subcriticality and neutron decay constant in subcritical 
enriched-U and mixed U/Th thermal neutron systems
 Optimization of neutron beam collimator

 Analysis of preliminary KUCA experiment using 
continuous energy Monte-Carlo codes MVP, MCNP and 
MCNP-X
 Evaluation of criticality of enriched-U and mixed U／Th thermal neutron 
systems
 Evaluation of prediction accuracy of criticality and subcriticality by 
analyzing critical and subcritical KUCA experiments
 Comparison of prediction accuracy between MVP, MCNP and MCNP-X codes

 ADSR experiment using coupled FFAG accelerator and KUCA
 Measurement of neutronic characteristics of ADSR 



  

Optical Fiber Detector

Subcriticality Measurement by Pulsed Neutron Method
Co
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t 

ra
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Time  [sec]



  

C/E ratio for keff in solid moderated cores 
obtained by MVP, MCNP and MCNP-X codes 



• Injector (Spiral-induction FFAG) 
- completed. Jan.2006.    
- E=1.2MeV (because of limited core voltage)  :  I=50nA

• Booster 
- completed.  Jun. 2006
- E=11.5MeV, I=0.8nA

• Main Ring: still in commissioning stage 
- accidental failures : Electricity-line off caused by severe 

thunder storm
 Injector core power supply : 36 IGBTs (2kV-1600A each) were broken.
 Insulating rectifier, High voltage breakdown (ion source etc.)   
 Nov.2006 -Feb.2007

Status of accelerators 
(commissioning)



Status of accelerators  
(commissioning)

• Main Ring: 
- RF cavity 

 Replace MELCO type(amorphous core)  with KEK type 
(FINEMET core).

 Disturbed B-field (amorphous MA, not FINEMET)
- Inadequate power supply for main D magnets

 I=700A  -> I=1300A: Inadequate operational tunes (Qv=1)
- Elect. current: half of the requested one - design mistake
- Vacuum chamber

 Wrong design:  horizontal beam apertures are very 
limited.(almost nothing) 



  

Conclusions
 Basic research on ADS has been performed using 
KUCA driven by 14 MeV pulsed neutrons:
 Subcriticality
 neutron flux (reaction rate) distribution
 fast neutron spectrum
 neutron noise analysis

 Results of preliminary experiments have been analyzed 
by MVP, MCNP and MCNP-X codes.

 In FY2007, new experiment will start at KUCA coupled 
with a 150 MeV FFAG accelerator.

 Material and thermal-hydraulic R & D should be 
needed.



Intense Neutron Source 
Project for BNCT(Boron 

Neutron Capture Therapy)

FFAG-ERIT
neutron source-NEDO project
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Department of Neurosurgery 
University of Tsukuba

Bali-Roche

Pavia
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Department of Neurosurgery 
University of Tsukuba

Progression-Free Survival 

time months

p=0.015
Logrank

su
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BNCT X-radiationProton

PFMST 8.5m 5.1m13.4m

gliobrastomer



  

Department of Neurosurgery 
University of Tsukuba

18F-BPA-PET
Pre BNCT T1GdBPA-PET　(T/N 7.8)

T/N : T / Normal Brain ratio



  

Department of Neurosurgery 
University of Tsukuba

├

Japan Science and Technology Corporation JST)

⑾
⒢



  

Department of Neurosurgery 
University of Tsukuba

Dose concentration: better than hadron therapy



Neutron production process

•
-
-

•
-
-

•
-
-

neutron 
production  

cross 
section

threshold 
resonance

compound/direct

5MeV 30MeV
proton energy

spallation



ion source accelerator
production target(external)

Light nuclei : Li, Be
Heavy nuclei: Ta, U

neutron moderator

thermal/epithermal 
nutrons

　Problems of  ordinary accelerator-based 

neutron source:  scheme with external  target

•
-

•
•

•
-

•
•

•
-

•
•

•
-



Example of ABNS(accelerator-
based neutron source) with 

external target 

•
-
-
-
-
-

•
•



internal target
Be ~10μm 

re-acceleration by rf 
Erf ~ 200kV 

negative 
hydorogen beam  
10MeV

-ΔE

70keV

+ΔE

neutron

Is(circulating beam 
current)
50mA

Ia(ave. beam current)
50micro-A

injector (proton Linac)

negative 
hydrogen ion 
source

N=3x1013 n/sec

Is/Ia=N:turn number

ABNS with internal target
FFAG-ERIT

FFAG Accelerator with Emittance/Energy Recovery Internal Target
Y.Mori, Nucl. Instr. Meth., PRS, A562(2006) 591-595.
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target rf re-acceleration



ABNS with FFAG-ERIT:characteristics
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NH ion 
source FFAG-ERITリング

manget

vacuum/bema 
monitoro

neutron 
production target

rf acceleration 

moderator
Injector proton 

linac
負水素イオン源

陽子ライナック 電磁石

高周波加速装置

中性子発生標的

モデレータ
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Spiral sector :
Small size
Small beam focus for vertical plane
Difficult of operational tunes

Radial sector :

Large size
Large beam focus for vertical plane
Change of operational tunes : feasible

We choose Radial Sector (FDF). 



  

Radial sector FFAG

FDF lattice
Cell num. = 8
F-Mag. = 6.4[deg],
D-Mag. = 5.1 [deg], 
F-D gap 3.75[deg], 
F-Clamp gap = 1.9[deg],
Clamp thick = 4[cm]
Mean radius = 2.35[m]

x ~ 1.75, y ~ 2.23
FD ratio ~ 3



  

Top view of FFAG-ERIT ringRadial sector (FDF) FFAG Ring
parameters

11 MeV
2.35 m
3.06 m

F
0.825 T
58500 AT
26.25 cm
4.1 ton

D
0.727 T
54500 AT
20.92 cm
3.4 ton



  

Vertical beta function acceptance 

  

Vertical acceptance ~ 3000π [mm-mrad] Vertical beta function@target ~ 0.83 [m] 

Beam tracking simulation with TOSCA field map

(Horizontal acceptance > 7000π [mm-mrad]) 



  

RMS emittance  energy spread



  

Number of survivals 

Ave. turn numbers for beam survival ~ 910 turns



ERIT



Field map and surface current 



RF cavity for ERIT -cold model
f=25MHz
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Neuron production target
lifetime

Lifetime is mainly determined by evapolation.
　　→ Low temperature operation(<650C) is essential.

・Heat power density <6.6W/cm2 for 3 months operation.
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top view
side view
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109 (cm-2s-1) 109 (cm-2s-1) 1011 (cGy cm2)
γ

1011 (cGy cm2)

  1MeV
2MeV

0.69
0.70

0.50
0.52

5.3
8.9

1.8
1.7

KUR -----
1.8 
0.9

0.37
0.37
0.009

7.9
1.6
0.05

2.8
1.9
1.7

JRR-4 0.26
2.0
0.65

2.2
0.9

0.032

3.1
1.1
0.13

3
5
3

HFR-Petten ----- 0.33 10 8.6

FiR-1 ----- 1.1 2.4 0.5

IAEA-goal ----- 1 2 2
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•
•  30 keV
• 200Hz 500Hz
• 2%, maximu
•

•
• 5mA 10mA
•

• 1πmm-mrad



  

　AccSys Inc.  PULSAR-7

PULSAR-7 I [ I PET
H % 2 ;

RFQ
DTL
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