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1) Overview of RIBF
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2. Toward elucidation of elemental synthesis in the universe2. Toward elucidation of elemental synthesis in the universe
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Origin of heavy elements

1. Toward comprehensive understanding of nuclear structure1. Toward comprehensive understanding of nuclear structure

We need 
RI beams!

3. Promotion of application research with radioisotope beams3. Promotion of application research with radioisotope beams
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• Acceleration of  ALL ions up to 345 MeV/u (70% of c) in CW mode
• Production of RI beams in the WHOLE mass region
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RIKEN RI Beam Factory (RIBF)RIKEN RI Beam Factory (RIBF) Y. Yano, NIM B261 (2007) 1009.



World’s first superconduting RING cyclotron
Bmax= 3.8 T, K = 2,600 MeV

Voltage gain = 640 MV (cw)
Total weight = 8,300 tons

World’s first superconduting RING cyclotron
Bmax= 3.8 T, K = 2,600 MeV

Voltage gain = 640 MV (cw)
Total weight = 8,300 tons

H. Okuno et al., IEEE Trans. Applied Superconductivity, 17 (2007) 1063.



Acceleration modes of RIBF acceleratorsAcceleration modes of RIBF accelerators

STn: charge stripper

AVF-injection mode (< 440 MeV/u) : d, He, O, …

Fixed-energy mode (345 MeV/u) : Zn, Kr, Xe, U …
Variable-energy mode (< 400 MeV/u) : Ar, Ca, …
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*one is operated by CNS, UTokyo
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Fixed-energy mode (345 MeV/u) for Nuclear Physics
+ Super-Heavy Element research
+ Radioisotope production for various application

Independent operationIndependent operation
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Radioisotope 
productionp, d, alpha,..
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Metallic ions

211At delivered to universities etc. and to 
“Supply Platform of Short-lived RI”



2) Recent R&D activities
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Uranium accelerationUranium acceleration RRC (RIKEN Ring Cyclotron)

345 MeV/u

28GHz SC-ECRIS

35+

Helium gas stripper @ 11 MeV/u Graphite sheet stripper @ 50 MeV/u

64+
86+



SC sextupole + SC solenoid
Stored Energy：0.8MJ
NbTi-copper conductor
Bath-cooled in liquid helium

28GHz Gyrotron

Plasma chamber

Analyzing magnet

RIKEN 28GHz ECR ion sourceRIKEN 28GHz ECR ion source T. Nakagawa et al., RSI 79 (2008) 02A327

Uranium rod (until 2016)

180 euA 
@ 4 kW



Crucible

UO2 powder

Heat shield

Crucible

High temperature oven for 28GHz ECRISHigh temperature oven for 28GHz ECRIS J. Ohnishi et al., ECRIS’18

・The High-Temperature Oven method has 
been used during a long beam time of more 
than one month since 2016.

・Average beam current of U35+
→100 – 120 micro-A @ ion source. 

High-Temperature Oven

Bus bars: 700 A 
for 2000 ℃



MBP

TMP

Large beam aperture: > 10 mm
8 order pressure reduction: 7,000 Pa => 10-5 Pa
5 stage differential pumping: 21 pumps
He circulating volume: 300 m3/day 

(unique recycling system)
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(unique recycling system)

H. Imao, ACFA Accelerator Prize (2013)Window-less helium gas stripper @ 11 MeV/uWindow-less helium gas stripper @ 11 MeV/u
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Concept of N2-gas jet curtainConcept of N2-gas jet curtain

N2He

U

Blocks helium flow and 
exchange gas species

N2 gas can be evacuated 
by cryopumps in RRC (120 m3/s)

H. Imao, IPAC2018 
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Transmission efficiency*Transmission efficiency*

102 eμA @ IS → 47 pnA @ SRC
120 eμA @ IS → 40 pnA @ SRC
97 eμA @ IS → 55 pnA @ SRC

108 eμA @ IS → 69 pnA @ SRC

Io
n 

So
ur

ce 345-MeV/nucleon 238U 
49 pnA (Nov. 2015 ) → 
71 pnA (Nov. 2017)

*Stripping efficiency is excluled.



Movable box

Movable box

Movable-box type resonator

T. Fujisawa, NIM A292 (1990) 1.

RRC cavityRRC cavity

・Half-wavelength
・Variable frequency: 20 – 45 MHz (design)
・Very compact at low frequency

DeeStem

Stem

Outer Wall

2.1 m

Cavity Cavity



Frequency for uranium acceleration: 18.25 MHz
→ Out of the design range

Movable box
Dee

Stem

Stem

Movable box

Gap between dee and MBOX: 22.5 mm
→ Low shunt-impedance and frequent discharge
→ Limit maximum voltage ~ 85 kV

I lim 
Uf

fn 2.8k

2







max

N 3 V 3

Space-charge limit:

Gap: 22.5 mm

RRC cavityRRC cavity



K. Yamada et al., RIKEN APR vol. 52 

Gap: 43 mm

Original cavity Modified cavity
Frequency: 20 – 46 MHz →  16 – 38 MHz
Shunt impedance: ~ 40 k @ 18 MHz →  85 k @ 18 MHz

Modified cavity of RRCModified cavity of RRC

Movable box
Dee

Stem

Stem

Movable box

Reduced capacitance 
resulted in the 
increased shunt 
impedance.

Increased inductance 
helps to reduce the 
capacitance for the 
same frequency.

New slanted stem 
structure
→Frequency range move 
to lower side.



Dee and stems were replaced in March 2018.Modified cavity of RRCModified cavity of RRC

Higher voltage 
achieved!!
> 150 kV 

@ 18.25 MHz

K. Yamada et al., RIKEN APR vol. 52 

Dee

Stem

Stem



Effect of modification 1: Turn separation in RRCEffect of modification 1: Turn separation in RRC
2017/05/24 2018/10/23

Operated @ 85 kV Operated @ 117 kV

The beam loss was reduced to 1/3 of the 85-kV operation.

124Xe-beam intensity from SRC has greatly increased!
102 pnA @ RRC-80 kV 173 pnA @ RRC-100 kV

(Apr. 2016) (Jun. 2019)4.4 kW 7.4 kW

Well separated turns!238U in RRC

N. Fukunishi, RIBF NP-PAC2018
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3) Present status



Year

pnA

28GHz-ECRIS

RILAC2

He-gas 
stripper & 
fRC upgrade

Graphite sheet 
stripper

RRC 
cavity

124Xe: 173 pnA
=> 7.4 kW

78Kr: 486 pnA
=> 13.1 kW

238U: 72 pnA
=> 5.9 kW

48Ca: 738 pnA
=> 12.3 kW

RIBF accelerator performanceRIBF accelerator performance



Devices damaged by ~kW beamsDevices damaged by ~kW beams
May 2016

RRC MDC

June 2019

SRC EDC

May 2017

fRC EDC

March 2018

AVF EDC

SRC Inj. beamline

April 2017

We need:
・very careful tuning.
・stable devices 
e.g. power supplies, RF,..

・properly working control system.
・fast beam interlock system.
・and so on..



4) Future plan



FAIRFAIR
RIBFRIBF

FRIBFRIB

SPESSPES

100 m

ARIELARIEL

Spiral2Spiral2

Worldwide effortsWorldwide efforts

HIAFHIAF



Graphite sheet

U64+

U86+

Bending magnets

Quadrupole magnets array

RF cavity

3) Energy recovery

2) Charge stripping with 
graphite sheet

4) Various charge states 
from 79+ to 88+

1) 64+ injected

7) 86+ extracted

6) Adjust the beam envelopes

5) Isometric orbital 
length for all the 
stripped ions

8) Others are recycled

Charge Stripper RingCharge Stripper Ring H. Imao, IPAC2018 



300 eA
200 pnA

Near Future..

RIBF upgrade for higher U intensityRIBF upgrade for higher U intensity

×10

77 % 63 %
CSR1 CSR2

Upgrade Plan: Charge Stripper Ring (CSR)

ST ST

U86+U64+U35+

RRC fRC IRC
SRC

BigRIPSRILAC2

20 % 25 %
SC-ECRIS

2000 pnA



• The performance of the RIBF accelerators is improving steadily. Recent R&Ds are 
focused on the increase of beam intensities of uranium and xenon.

• Over the last three years, uranium beam has increased from 49 to 72 pnA, and 
xenon beam has increased from 102 to 173 pnA. It will be possible to accelerate 
uranium beam of 200 pnA in near future.  

• More than 1500 RI beams have been produced in the RIBF. Nearly 200 new 
isotopes have been discovered.

• The R&D of “Charge stripper ring” is under progress for the future intensity 
upgrade. We aim to start the upgraded RIBF in 2025. 

SummarySummary
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