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FFAG R&D Activities in Japan

o KEK

- POP FFAG 0.05-0.5MeV(IMeV):2000
proof-of-principle, scaling(DFD),proton, MA rf cavity

= |150MeV FFAG :2006
scaling(DFD),prototype for particle therapy, |00Hz

& 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, | IMeV proton+ Be target,
ionization cooling



B 1953: Basic concept by Ohkawa

Proton FFAG accelerator was not
successful until recent

—difficulty in fabricating RF cavity with
variable frequency & high gradient field

m 1998: Development of RF cavity

using Magnetic Alloy /

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

B 2000:Development of Proton
FFAG Accelerator
\

Grant-in-Aid for Scientific Res. by

Grant-in-Aid for Creative Basic Res.

MEXT: Y. Mori, KEK Proof-of-Principle (PoP)-Proton FFAG Accel.
B 2005:Development of 150MeV ”
multipurpose FFAG accelerator



EPACO06, June 26-30, 2006, Edinburgh

Fast spot scanning
exeriments & simulations
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multipurpose FFAG with 100Hz operation



EPACO06, June 26-30, 2006, Edinburgh

Neutron Source for BNCT

a-particle

* Requirements TouM
* Large neutron flux

> |x107 nlcm?/sec at patient
* Low energy spectrum

thermallepi-thermal neutron

T+ 108 5 *He (@) + 7Li+ 2.8

Limited to extend the use of
BNCT widely in society.



FFAG R&D Activities in Japan

® 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



PRISM project

N=10
k=5(4.6-5.2)
F/D(BL)=6
10=6.5m for 68MeV/c
half gap = 17cm
mag. size 110cm-@
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Phase Rotation Simulation:
Horizontal Phase Space

Initial Phase

—200

4450 4500 4550 4600 4650 4700 4750 4800 4850 4900 49

After 1 turn

r(mm)

50

FroooT

TT T T[T T T T [TTTT]

o
TT T TTTT TTT

—200

TT [T T I T [T T T T [T T T T [T T T T [TTIT

44530 4500 4350 4600 4650 4700 4730 4800 4830 4900 4950

After 2turns

r{mm)

—200

4450 4500 45350 4600 4630 4700 4750 4800 4830 4900 4950

2003/7/7

—200

mr

=

L=
TTTTTTTT

After 3turns

TTTTTT

TTTT

NN IS NPT S SN T S A R

4450 4500 4550 4600 4650 4700 4750 4800 4850 4900
After 4 turns

£

r{mn

LI I O B

TT T T[T T T[T

TT

v)
4450 4500 4550 4600 4630 4700 4750 4800 4850 4900

200

After Sturns

y

r{mr

TT

TTTTTTITTTT T

£ : : b3 * : :
Erova bbb b by bvnn bvvva b a Ly

00
4430 4500 4550 48600 4830 4700 4730 4800 4850 4900

rmm) r(m :1
Phase-Ro
FFAGO3@KEK PRlSM!n!emeSl

High-Intensity Low-En



B X-rays irradiation

B X-rays radiation therapy

B X-rays CT ‘ﬁ Basic parameters
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Proto-type Machine

Application of LAPTOP Accelerator

ﬁ Acceleration Scenario
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Injection Energy 50 [keV]
Acceleration Energy 6 [MeV]
Injection Radius 0.1 [m]

Extraction Radius 0.125[m]

K value 2~3

Magnet Spiral Sector Magnet
Repetition 1 [kHz]

Duty 2 [%]

Energy after injection 50~250lkeV]

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



Accelerator-driven Subcritical Reactor (ADSR)

(on Source) : Hybrid technolo
[ eam for J‘ Medl.cal , bczlsed on reac‘rogy
Scientific Res Apblications cceJer'a’ror'
Projett at Ryoto WUniv.:

1Al Ca OI’ Stlt}.“%e \
S » Increased safety
margin to huclear

— .

excursion
Applications » Good performance
characteristics in
breeding & fransmutation

Power
eheratio

> Flexibility in fuel cycle
N _/

Subcritical Assembly

Electricity

Scientific Research




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.

Radiotoxicity per fresh fuel of 1 ton

W Y<Long term risks could be
reduced if MA's are
reduced

Time after reprocessing (years)



Example of Accelerator-driven Transmuter

Proton
Heat Exchanger: to

L
ATW Burner oean steam-driven power production
{4 (up to 40% eff.)

Typical Power: /
2000 MWt -

Pump _

Liquid Lead . 1L~ Spallation
Coolant ( I =1 |+ Neutron Source

_Transmutation
Region (solid
actinide fuel)




Subjects on ADSR

Beam for

"' Scientific Res. Thermal-hydraulics
‘ —.—

(4\’

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

stress analysis

Accelerator R&D

Development of stable

high power accelerator
with high acceleration

efficiency

Material Research

Energy-dependent
irradiation effects &

Subcritical System g irradiati
Neutronics development of new
\ reactor materials
Neutronics and dynamics of

the subcritical core coupled

with the accelerator system N—___

U




Feasibility Study on ADSR Using FFAG Accelerator
(FFAG: Fixed Field Alternating Gradient)

Beam for
Scientific Res.

Development of variable-

energy FFAG accelerator

with high acceleration (‘ ‘
efficiency “

Accelem’ror R&D

[ e ] = [

Neutronics of
subcritical Core

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

accelerator N




Main Feature of Proposed ADSR

ADSR Power o<
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Control of S
-Control by beam current
-Control by beam energy
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Variable-energy FFAG

accelerator

-Control by beam energy
& beam current , 1 15

Proton Energy, Ep (GeV)

Spec. of FFAG accelerator Subcritical core: Thermal neutron

system

Energy : 2.5~150 MeV
-Current: ~1 mA




Concept of FFAG-KUCA Experiment on ADSR
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Advantage of FFAG

B Fast acceleration

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

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

B Space charge and collective effects are below
threshold.

B |arge acceptance
B Transverse (hor.)>10,000mm.mrad
B Longitudinal dp/p>10%



Comparison between Synchrotron and FFAG

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 funing
—Development of high gradient & broad band RF cavity



Beam Specifications of FFAG Accelerator

Beam Species H+
Energy 20 — 150 MeV

Average Beam Current 1A

Pulse Repetition Rate 120Hz




Configuration of FFAG Accelerator Complex

Spiral focusing:1ST for ion accelerator in the world
Acceleration by induction core: 15T for ion accelerator in the worl
Magnetic field by multi-coil: 15T in the world

Continuous inj/ac’rion by static field:15% in the world

100keV 2.5MeV 20MeV 150MeV

>

Ion Source
Ion Beta KUCA
150MeV : : Main Ring
ImA |—— ., :
120Hz ' 1kHz ! Similar design as precursory KEK FFAG

accelerator to save design cost




System Parameters of FFAG Accelerator

Ton Beta Booster Main Ring
Focusing Spiral Radial DFD Radial DFD
Acceleration Induction RF RF
Number of Cells 8 8 12
k-value 2.5 45 7.6
Injection Energy  100keV 2.5MeV 20MeV
Exit Energy 2.5MeV 20MeV 150MeV
Pext/Pin| 5.00 2.84 2.83
Injection Orbit 0.60m 1.42m 4.54m

Exit Orbit 0.99m 1.71m 5.12m



Layout of FFAG Accelerator Complex

Main ring

Booster
To KUCA




Variable Energy FFAG Accelerator Complex

Extraction proton energy can be varied by changing k-value of Ion Beta

main ring 150MeV

2
booster -°MeV eV
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Ton-Beta - Spiral Type FFAG Accelerator

uFocusing by spiral magnetic
field

uMagnetic field shaping with
multi-coil magnets

@ Acceleration by induction

core



Horizontal tune

[ Il e ,‘ 10
1 Energy(MeV)
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FFAG complex at KURRI




Neutronic Study of Subcritical Core

KUCA-A Core - solid moderated and reflected -




Concept of KUCA A-Core Set-up

!

Upper Reflector
Approx. 50cm

Fuel Plate

¥
<« Polyethylene

Plate

Core Region
Approx. 40cm

} Unit Cell

Lower Reflector
Approx. 50cm

|

Material Plates

Control Rods

Aluminum

Sheath\

E(

Fuel & Moderator
Elements

Fuel Element

Reflector Element

Core Assembly




Example of Core Configuration in KUCA-A Core

4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26

Fuel @ Fission chamber
FC#3 uic#4

Polyethylene reflector @ UIC detector
roie Q] Fo# Vv | Void 1/2"-diam. BF3 detecto
#) Al | Aluminum
UIC#5
®

@ Control rod
@ Safety rod

@ Californium-252

1"-diam. He-3 detector

c 4 »nw xOH Tt Oz rr X ¢« — IO TMmOoOO - >»




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 p1/(1-kgff)

€ Method for analyzing ADSR dynamics should be

developed
* Monte-Carlo calculation taking account of

delayed neutrons



Calculated Thermal Power of KUR-type ADSR
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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

Fuel position [1,0]. keff = 0.980, 500MeV Proton, 1TmaA, W target, Time unit=1us
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Comparison of Neutron Multiplication
between Experiment and Calculation

3 @ Calculation with adjusted
10 density of U-235
.g O «kuca experiment
"é @ Original calculation
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Objectives of Present Neutronic Study on ADSR

B KUCA Preliminary Experiment Using 14MeV incident

heutrons
B Measurement of subcriticality and neutron decay constant in subcritical

enriched-U and mixed U/Th thermal neutron systems
B Optimization of neutron beam collimator

B 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
B Comparison of prediction accuracy between MVP, MCNP and MCNP-X codes

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



Subcriticality Measurement by Pulsed Neutron Method

Optical Fiber Detector
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Status of accelerators
(commissioning)

® |njector (Spiral-induction FFAG)
= completed. Jan.2006.
= E=1.2MeV (because of limited core voltage) : [=50nA

® Booster

= completed. Jun.2006
= E=11.5MeV, 1=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)

® 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 -> 1=1300A: Inadequate operational tunes (Qv=I)

Elect. current: half of the requested one - design mistake

Vacuum chamber

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



Conclusions

B Basic research on ADS has been performed using
KUCA driven by 14 MeV pulsed neutrons:

B Subcriticality

B neutron flux (reaction rate) distribution
B fast neutron spectrum

B neutron noise analysis

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

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

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



Intense Neutron Source
Project for BNCT(Boron
Neutron Capture Therapy)

FFAG-ERIT
neutron source-NEDQO project



Purpose of Project
(NEDO 3—year project:2005-2007)

® Development of a prototype of compact
accelerator—based thermal/epithermal neutron
source for boron neutron capture therapy

® Perforemance
- Neutron flux enough for 1 hour treatment

- thermal/epithermal neutron flux: @ “~1x10? n/cm?/sec
@patient



Principle of BNCT

thermal neutron

X(2.3MeV)...High LET
range: 10Lm
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Department of Neurosurgery

University of Tsukuba
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"I -
. .
s % 0k p=0.015
. 1 LL (Logrank)
g B A “1
!
% A L
.
2 —
"
I.:| -
0 &) 1d 15 20 23 20

time (months)

BNCT —e- Proton —e— X-radiation
PFMST 13.4m 8.5m 5.1m



Department of Neurosurgery
University of Tsukuba

18F_.BPA-PET

BPA-PET (T/N 7.8) Pre BNCT TI1Gd

T/N : T / Normal Brain ratio
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Dose concentration: better than hadron therapy




Neutron production process

neutron
production
Cross
section

threshold
resQnance

5MeV 30MeV

proton energy



Problems of ordinary accelerator-based

neutron source: scheme with external target

e Beam(proton) energy

- feasible with ordinary acclerator technology
e Light nuclei (compound nucleus) low energy —10MeV
e Heavy nuclei (spallation) high energy >50MeV

® Beam current

e Light nuclei (compound nucleus) high intensity >10mA
e Heavy nuclei (spallation) medium intensity >0.5-1mA

® Neutron production target

 lLarge heat load beam power >10kW
 Large radiation damage

® Gamma-—ray irradiation prohibits for treatment



Example of ABNS(accelerator-
based neutron source) with
external target

® Taskaev et al. (Budker Inst. Russia) ICNCT—-12,

2006,Kagawa.
- Threshold resonance (compound) Li, Ep=1.9MeV
- Electro—static accelerator 2MV
- Beam current -~ 10mA
- Lifetime of target one/day (thermal errosion)
- Y ray production E=489keV
e Thin target 1Y /1neutron OK

* Thick target >>1 7Y /1neutron problem



ABNS with internal target
FFAG-ERIT

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

® Proton storage ring -AE N=3x10'3 n/sec
mjegapé@oé%lémncgegative 7GIEAG neutron
I - it ne b ARTOEsR A7) OmA

~500=]000turns(objective)
Is(circulating beam

evative - thickness I9(ave. beam current) current)
g 50micro-A 50mA
hydrogen-onbeam ener&{)1 (8 at targe

source. _ heat load for target

with interiaalztakgetqplaged In
the psotnjestorage ring where
the beamsemiittanae @neht

energy -aresgatiredHyyrigrizton chargggexcimnged injection
cooling re-acceleration by rf

Erf ~ 200kV



lonization Beam Cooling

emittance

® 3—-dimension energy loss :cooling
® recovery of beam energy :rf acceleration

® competition :multiple scattering(heating process)
- equilibrium beam profile



ABNS with FFAG-ERIT:characteristics

® [arge beam current/beam power

- circulating beam

 ciruculating beam current(beam power) >50mA(500kW) 10times
more than those for external target

® | ow loads for the target and injector

- heat load/radiation damage with thin target
e heatload "kW —)> radiation cooling :Temeprature ~650C
 radiation damage 0.1dps
 Lifetime >month

- small beam current for injector

* required beam current circ. beam current./ circu. turn number
e beam current 50 1 A(1000turns)

® Small gamma-ray production

- thin target, no cooling medium and no beam dump at
target region

® multi—target & —directional irradiations

® Small radiation shielding

- modest beam current
* small buildings and low infrastructure cost



ABNS with FFAG-ERIT
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Performance

o FFAG-ERIT ring

- circ. beam current 70mA

- number of turns 100052 —>
® Injector

- beam energy 11MeV

- averaged beam current 1Ou A
® Neutron production target

- Be, 10U m Lifetime>one month
® Modearotr

- thermal+epithermal 10° n/cm?/sec

- Y =fast neutron Nuclear reactor level (IAEA)



Design i1ssues of ABNS with
FFAG-ERIT()

® Beam optics and dynamics

- Acceptance
e Av>500mm.mrad(rms)
o dp/p>+-5%full)

- Beam lifetime : ionization cooling
 >1000 turns

® | arege aperture magnet
- accuracy, fringing filed
e <10-3, gap:15cm
® rf cavity

- frequency
¢ “20MHz(harmonic number " 5)

- rf voltage
o >200kV

® Target
- heat load

* <6.6W/cm2

- homogeneous beam profile
o off center beam injection



Design issues of ABNS with
FFAG-ERIT(II)

® [njector

- beam current

* NH ion source
e av. beam current >100 ¢ A (20-200Hz, duty ~2%)

 Linac
e av. beam current >70 u A (20-200Hz, duty ~2%)

® Moderator
- optimized design
* neutron flux at patient

. 109n/cm2/sec
e reduction of fast neutrons (E>100keV) & 7 rays



Beam focusing of FFAG

Spiral sector & Radial sector

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

Z3M0%/2006 09:44:34

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]

ny ~ 1.75, ny ~2.23

FD ratio ~ 3




Radial sector (FDF) FFAG Ring

param eters
beam energy 11 MeV
ave. radius 2.35m
most ext. radius of magnet 3.06 m
Fmagnet
field strength 0.825T
AT 58500 AT
orbit length (@ave. radius) 26.25 cm
mass 4.1 ton
Dmagnet
filed strength 0.727T
AT 54500 AT
orbit length (@ave. radius) 20.92 cm

mass 3.4 ton



Vertical beta function [m]|

Vertical beta function & acceptance

Beam tracking simulation with TOSCA field map
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Hori. RMS emittance |pi mm mmrad]|
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Ratio of surviving particles

Number of survivals

500

Ave. turn

1000 1500 2000 2500
Number of turns

numbers for beam survival ~ 910 turns



ERIT rf cavity — basic design
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*Inner diameter ¢ 200cm, =axial length 40cm, cap. electrode: @ 160cm X t2cm,
= gap btw cap. electrode and cavity end plate 3cm,

*tuner: @ 20cm X L50cm,

*beam duct : w38cm X h20cm,

coupler :diameter 12cm X L30cm, ¢ 2cm



Field map and surface current
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RF cavity for ERIT -cold model
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|t ﬁf&f; HiREKE REWR 1500 ZFERUFTIF-4KEE
E3 MHz
resu 00 18.075 %liji;‘i% .
— 225 18.050 IR DONE ORI P—IZ d 1.7 TR 150mmIEED IL—T %
>surface roughness o o T *
675 17.875

; 90.0] = 17850 Q@R YLT—IF7FS5A Y —TFa1—F—L B THHIRE K%
Jﬁiﬁﬁ?\\ 0.225 (FoTHDAVE—F Y RIBE [FEL)

F 21— — AR LSRR EIR1500mm)

1830

*
18.25 \
1820 |
1815 | HE

F1st0 | \\\

—

1805

KM

4

o

1800 |
1795 | e

5

1790 |
1785 |

1780 ©
0 20 40 60 80 100




Beam Loading

B Admittance/rf power

1 w-—w 1 1 1 ¢
Y:—{l-l-]sz( r)}, = + Ve
R r Qb Qg QO
1+ B)° 2RI ’
* 8BR 1+
e b Vb . 1b=1.07A
T ) A =
VL %Rg Ve %L %Rs 1 C é Vb=o3kV
O
IR

Ave. rf power ~60kW (duty 30%)
Peak rf power ~210kW



Vacuum duc

sag <Imm — thickness 7mm+ 5t rib
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Neuron production target
lifetime

- Lifetime 1s mainly determined by evapolation.

— Low temperature operation(<650C) 1s essential.

* Heat power density <6.6W/cm?2 for 3 months operation.
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Target layout & performance

-Tilted target : input heat power density ~1/2
Beam profile distribution

13.2W/em2 \ng/cmZ parameters
8% A

- N . proton energy 11MeV

b FE—L =7k beam current 70mA

Be thickness 10 m
stopping power 6.46keV.um
energy loss 64.6keV
heat radiation 4523 W

Tilted target layout

P beam size(H)  34cm
0 max beam size(V)  10cm
L0 max2

target angle 30degree
irradiation area 14cm2
radiation factor 0.61
power density 6.6W/cm2
target temp. 720C
Beam profile distribution lifetime 38days




Moderator

basic layout

1st moderator:5~10cm, 2nd moderator:10~30cm,
3rd moderator:10~20cm, y-ray shield :5~10cm
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example (under optimization)
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Summary of Moderator (in progress)

Thermal neutron flux : 7x108 (em2s~1)
Epi-thermal neutron flux : 5x108 (cm 2s~1)
Total (thermal + epi—-thermal) : 1.2%x109 (ecm2s~1) @ patient

Contamination of fast neutron ; 2-2.5 times larger than IAEA standards,

however, comparable with those from ordinary nuclear reactors (KUR, JRR4 etc.)
Contamination of y-ray : lower than IAEA standards, however, not includes

those from target nucleus.

Optimaization is in progress.



lon Source

* particle: negative hydrogen
e extraction energy: 30 keV
* rep. rate:200Hz(goal: 500Hz)

* beam duration:2%, maximu

* beam current: & TSR A

e 100 u A(ave.)
« 5mA(peak:goal10OmA)

e commissioning(12/12/06) 1mA(cw)achieved

/| Al iR i
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* nor. emittance: <1TTmm-mrad
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Proton linac
AccSys Inc. PULSAR-7

DTL

0%~ 4

"B AccSys Technolog

PULSAR-7:developed for PET,
12/19/06: E—Lscommissioning (@7MeV)



Proton linac

PL-3.5 Emittance Calculations
lin=12 mA, Acceptance=0.11 pi ¢m-mrad
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Summary of ABNS with
FFAG-ERIT

Physical design is completed. Fabrication is in
process.

Ion source is almost completed.

- cw operation. beam current ~1mA,

Proton linac
- beam commissioning started:12/19/2006"

Preparation of infrastructure(water, electricity
etc.) at KURRI

Completion (hope) : Sept. 2007



Next FFAG workshop in Japan

® November, 2007. Date will be fixed soon.
Place: Kyoto University, Kyoto/Osaka area

® Support for participation (traveling etc.)
.especially for young scientists. |




