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Union of storage ring & cyclotron
Critical Mismatch!! 
DC beam vs. pulsed beam

How to solve?

Fastest Reptile on earth 40km/h



RI Beam Factory at RIKEN
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Individual injection
Nucleus of interest itself triggers its injection to the ring!

Individual injection method 
        I. Meshkov, et al., NIM A523 (2004) 262. 

- Trigger signal to excite the kicker is 
generated by injecting RI itself at F3. 

- Kicker magnetic field needs to be 
excited before the RI arrives.
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This method opens storage-ring 
science at cyclotron facilities!



Synchronisation 

同軸管

同軸管の断面図

繋ぐためのコネクタと支え

外部導体同士は一回り大きい
銅管とバンドで固定

銅管の材質はC1020を使用
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Plastic scintillator 

L R 
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Gate Gene. 
NIM-TTL 

~400ns 

同軸管の試験

同軸管
92.32m

通常のBNCケーブル
100m

想定している経路分の
長さ(約90m)をつなぎあわせ
信号が長距離を伝搬しても
減衰しないかを確認

→長距離伝搬しても問題なく伝搬可能
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2. Mechanism of ISSI method   “Synchronization”�

Propagation velocity β~0.986 

Energy: 200 MeV/nucleon, Flight length:161.5m 
� Flight time: ~950ns 
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R-process nuclei in remote territory  

Atomic Mass Evaluation 



 Remote regions can be reached at RIBF

82

50

60

70

10090

124Xe

70Zn48Ca

18O

Z

N

50

28

20

28
208

8

Production Yield  Deduced (877)

New isotope 2011 (26+4)
New isotope 2012,2013 (25)

RI beam Produced (308)

New isotope 2014 (18)

New isotope 2007,2008 (47)

238U In-flight fission

Kubo and BigRIPS team

R-process nuclei are produced 
with Uranium fission.

Golden Toad: last seen 
1989 in Costa Rica



Individual injection
Nucleus of interest itself triggers its injection to the ring!

Individual injection method 
        I. Meshkov, et al., NIM A523 (2004) 262. 

- Trigger signal to excite the kicker is 
generated by injecting RI itself at F3. 

- Kicker magnetic field needs to be 
excited before the RI arrives.

F0

RI selection 
total rate: <100Hz

F3

Kicker
R3

SHARAQ
Septum

Septum

Particle ID

RI production

Trigger signal To-be-injected RI

BigRIPS

~950ns (161m) with 200MeV/u

Injection-line

F3
This method opens storage-ring 
science at cyclotron facilities!



Isotope-Selectable Self-triggered Injection

synchronizing all machines is therefore not available for sec-
ondary beams. The radioactive ions produced at the target of
the fragment separator are identified in-flight event-by-event
and then injected and stored individually into the storage ring.
The present concept realized at the RIBF is called the indivi-
dual injection technique and was originally proposed by
Meshkov et al [14]. This is the most effective way to store
extremely rare isotopes. The advantage of the present method
is that in-flight particle identification can be achieved in the
fragment separator, yielding a precise knowledge of the beam
emittance. Furthermore, the selective injection of exotic species
of interest may be realized in the future. Figure 1 indicates the
difference in beam structure between the synchrotron- and
cyclotron-based storage ring facilities.

To realize the individual injection, a fast-kicker system is
required. The kicker should respond with a very fast rise time
to reach a flat-top of magnetic field before the particle is
injected. It should also involve a very fast charging system to
excite the kicker magnet at any time when the particle is
produced. We have already succeeded in developing such a
fast-kicker system satisfying the present requirements. More
details can be found in [15]. We have also recently succeeded
in circulating α-particles from 241Am in the Rare-RI Ring [16].

2. Physics cases

In the Rare-RI Ring facility, the first goal of the physics case
is the mass spectrometry of neutron-rich exotic nuclei. All of
the experimental devices are designed to achieve atomic mass
values on the order of 10−6 in accuracy.

The atomic mass is one of the fundamental quantities for
all sciences. In nuclear physics, the binding energy, calculated
from the atomic mass, is one of the most important properties
of nuclides. Nuclear binding results from complicated inter-
actions among protons and neutrons embedded in the nucleus.
In recent decades, a variety of nuclear models have been
developed to describe atomic masses; however, their predic-
tion power is not sufficient for exotic nuclei. In particular, a
significant change in the shell structure is observed close to
the neutron drip line. This can be clearly seen at the two-

neutron separation energies shown in figure 2. Here, the two-
neutron separation energies S n2 for the even-N nuclides are
plotted as a function of the atomic number Z [17]. The tra-
ditional N = 20 shell gap disappeared, whereas new magic
numbers of N = 16 [18] and N = 34 [19] were discovered.
Recent measurements of β-decay half-lives in the vicinity of
78Ni still suggest a sizable magicity for N = 50 [20]. A current
challenge is to measure the masses of such exotic nuclei very
precisely in order to understand the evolution of the shell
structure and eventually understand fundamental interactions
for all nuclides over the nuclear chart.

The precision masses of exotic nuclei can constrain the
nuclear matter equation of state (EOS). The energy density of
nuclear matter is described as a function of the nucleon
density n as [21]
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where w0 and n0 are the saturation energy and saturation
density, respectively, and α = − x1 2 , where x is the proton
fraction. The proton number density is nx, and the neutron
number density is −n x(1 ). K0 is the incompressibility. S0 and
L are related to the density-dependent symmetry energy S n( ).

=S S n( )0 0 , and = =L n S n3 (d d )n n0 0. It is noted that L,
referred to as the symmetry energy density derivative
coefficient, is sensitive to the masses of neutron-rich exotic
nuclei. For several neutron-rich nuclei, such as doubly magic
78Ni, the mass excesses are calculated as a function of L using
different parameter sets of the EOS in a macroscopic model
[21]. The larger coefficient L is constrained by the smaller mass
excess of 78Ni, corresponding to the smaller symmetry energy
at sub-nuclear densities. Thus, precision mass measurements
for neutron-rich nuclei are required to investigate the nuclear
matter property. EOS will also be applied to understand the

Figure 1. Schematic drawing of the beam structures of the
synchrotron- and cyclotron-based storage ring.

Figure 2. Two-neutron separation energies for the even-N nuclides as
a function of the atomic number Z. Data are taken from the recent
Atomic Mass Evaluation [17]. Dashed lines connect the data points
with the same N. Solid lines indicate the traditional magic numbers.
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- Select a particle of interest 
- Inject it into storage ring individually�

2. Mechanism of ISSI method   “Isotope selection for kicker trigger”�
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- Particle identification before F3 
  (Bρ-TOF-dE method) 
 
- Use accelerator reference RF-signal 
  to make veto-signal (TOF-gate) for trigger-signal generation 
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Isotope selection 
2. Mechanism of ISSI method   “Isotope selection for kicker trigger”�
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Mass Measurement Market

The Mass Market�
Storage Rings Penning, MR-TOF-MS 

Precision <10-8 Precision 10-7 

< 1ms 

5 6/2/17  ARIS2017 Sarah Naimi  

100ms~1s� 1~10 ms�

Precision 10-7 Precision 10-6 

 1~10 s 

Courtesy of I. Murray 

Our product: Nuclear masses of rarest isotopes that could be produced

Short half-lives & low production!  



Isochronous Storage Ring
The RIKEN Isochronous Storage Ring 

  

m2,v2 

m2,v1 
 

m1,v2 

m1,v1 

passage detector 

T4 

T1 
T2 

T3 

Isochronous = Time-of-flight independent of the KE�

Magnetic field tuning will determine the achieved precision 
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Courtesy of Prof. Wollnik 



Rare-RI Ring isochronicity 
10 trim coils
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Resonant Schottky pickup detector 
Non-destructive detector  
   for revolution frequency measurement

invented	in	GSI	(F.	Nolden	et	a.,	NIMA	659	(2011)	69)

Pillbox-type cavity 
Resonant frequency          171 MHz 
Shunt impedance              163 kΩ 
  (⇔sensitivity) 
Q-value                              1880 

Fumi Suzaki 
   Ph.D with  
     this work 
   SPDR 
    (FY2018~)
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(almost) Perfect Isochronicity!
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78Ge signal

Highest sensitivity Schottky pickup detector 
    →　detection of Z=32 (lightest isotope ever)



(almost) Perfect Isochronicity!
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Pipa pipa toad



Mass determination
Relativity modifies the relation
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Commissioning experiment
5. ISSI method   “Reference 78Ge (168 MeV/nucleon), N=46 isotones”�

Plastic scintillator 

Kicker operation 
Beam Bρ: 4.7Tm 
Charging voltage: 31kV 
Kick angle: ~12mrad 
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Isotope selection + self-triggered injection ! 

5 minutes 5 minutes 

First neutron-rich isotopes injected in Rare-RI Ring, Z=46 isotones @168MeV/u 



Commissioning experiment

kicker 

Extract 
within 1ms 
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Commissioning experiment
New capability of Isotope-Selectable Self-Injection method! 

=> Event-by-event determination of γ via Bρ measurement



Accuracy of beta measurement 

β1  meas.

T0, T1 meas.

F6 position detector (PPAC)
(dispersive plane)

Position detector is too thick, energy loss introduces uncertainty in beta measurement!

F3

S0



Improving mass accuracy

Zhuang Ge
Saitama university & IMP Lanzhou



Efficiency Issue!

Before	R3� A*er	R3�

Nagae-san’s	analysis	(R3	mee1ng	2016/12/8)�

Lower	acceptance!�

1 

10 

100 

S0 
ILC

1 
ILC

2 

Kick
er

 

tur
n 1

 

tur
n 2

 

tur
n 3

 

tur
n 4

 

tur
n 5

 

tur
n 1

0 

tur
n 5

0 

tur
n 1

00
 

tur
n 1

00
0 

tur
n 2

00
0 

RMD-4
 

RMD-5
 

RMD-1
 

Etra
cti

on
 

ELC
 

Ef
fic

ie
nc

y 
[%

] 

Setting MS03 

Setting MS03 

Simulation

Experiment



Solving the efficiency issue



Matched emittance: Online result
Efficiency: x14 times

Total R3 eff. 2%



Technical Hurdles cleared!

Event-by-event correction of particle Bρ

Single particle detection with Schottky pickup detector  
     → Detection of Z=32 isotope (smallest Z ever) 

Isotope-Selectable Self Injection 
    → Open the use of storage rings at cyclotron facilities

Achievement of Isochronous field (~10-6) 
in a wide momentum range (Δp~0.6%)

Improvement of injection efficiency
Mass Measurement



Mass measurements planned in FY2018

78Ni and around 
(Z=28, N=50)

South of 132Sn 
(N=82)



Future mass measurements

FY2018     78Ni, south of 132Sn 
FY2019−   Along the r-process path 
                  up to rare isotope peak (A~160) 
                  + N=Z region (collab. with Lanzhou) 
                  + Halo nuclei (22C, 31Ne, 37Mg. . . )
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Who wants to win Wasabi KitKat?

❖ How many amphibians I showed?

❖ How about reptiles?


