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RIBF	 実験開始	 施設完成	 RIBF大強度化	 RIBF2	

FAIR	 建設開始	 実験開始	 施設完成	

FRIB	 建設開始	 実験開始	 施設完成	

ARIEL	 建設開始	 第1フェーズ	 施設完成	

Spiral2	 建設開始	 実験開始	 施設完成	

SPES	 建設開始	 実験開始	 施設完成	

ISOLDE	 建設	
4	MeV	
達成	 10	MeV　達成	

RISP	 建設開始	 実験開始	 施設完成	
2	2	

““new generation” RIB facilities
	

From En’yo	experiment	

today	



(construction)	

(construction)	

(R&D)	

RIBF – a new generation RIB facility in operation
2 (3) parallel injectors followed by 4 consecutive cyclotrons

experimental  
equipment 

345 MeV/nucleon 
      up to U (2006-) 

135 MeV/nucleon 
     for light nuclei (1986-) 

RIKEN RIBF (RI Beam Factory)  --  fragmentation-based RI beams (1990- / 2007-)	
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(R&D)	

RIBF – a new generation RIB facility in operation

experimental  
equipment 

345 MeV/nucleon 
      up to U (2006-) 

135 MeV/nucleon 
     for light nuclei (1986-) 

RIKEN RIBF (RI Beam Factory)  --  fragmentation-based RI beams (1990- / 2007-)	

400 M$	
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element 113 on TV	



(construction)	

(construction)	

(R&D)	

RIBF – a new generation RIB facility in operation

experimental  
equipment 

345 MeV/nucleon 
      up to U (2006-) 

135 MeV/nucleon 
     for light nuclei (1986-) 

RIKEN RIBF (RI Beam Factory)  --  super heavy element Nh with RILAC (injector)

400 M$	

Oct.	2016	 Legnaro	

New	element	Z=113	(Nh,	Nihonium	–	IUPAC	proposing)	
		--	produced	by	70Zn+209Bi	fusion		

  

kaz5thlife @kaz4thlife · 3月13日
【 #science ＆TVPrograms＆life】 #Eテレ #サイエンスサイエンスZERO  ：成功時を思い出
すと手に汗がにじむ‥かぁ^^;、お疲れ様です。 

  2

海が好き海が好き @Like_the_sea · 3月13日
#nhk #サイエンスサイエンスZERO  　
１電化単位でって…何より、こんな微妙な設定ができることが凄い！

  

☆風来坊☆☆風来坊☆ @123fuuraibou · 3月13日
なに言うてるか全然わからんようになってきたがな(笑)
#サイエンスサイエンスZERO

 1  

ひろったーひろったー @hiro6038jp · 3月13日
東京ドームの中の100円玉が、原子の中の原子核のサイズ #サイエンスサイエンスZERO

 1  1

武者ケロ武者ケロ @mushakero · 3月12日
！(◎_◎;)ジストニアの話ししてる！
キース・エマーソンがこの病気だったんじゃなかったっけ？

 #etv #サイエンスサイエンスZERO

element 113 or Morita on TV	



(construction)	

(construction)	

(R&D)	

RIBF – a new generation RIB facility in operation
with world highest capability of providing RI beams

experimental  
equipment 

345 MeV/nucleon 
      up to U (2006-) 

135 MeV/nucleon 
     for light nuclei (1986-) 

fragmentation-based RI beams (1990- / 2007-)	

160 M$	 400 M$	

RIPS (1990-) 
  ~50 MeV/nucleon	

BigRIPS (2007-) 
  ~200 MeV/nucleon	

Oct.	2016	 Legnaro	



(construction)	

(construction)	

(R&D)	

RIBF – a new generation RIB facility in operation
with world highest capability of providing RI beams

experimental  
equipment 

345 MeV/nucleon 
      up to U (2006-) 

135 MeV/nucleon 
     for light nuclei (1986-) 

fast RI beams by fragmentation / fission in-flight	

160 M$	 400 M$	

RIPS (1990-) 
  ~50 MeV/nucleon	

BigRIPS (2007-) 
  ~200 MeV/nucleon	

Oct.	2016	 Legnaro	

1"
10

"
10

0"
10

00
"

(E
/A

)*

RI
BF

"

1" 10" 100"

(A)*

Bi
gR

IP
S$

FA
IR
$

FR
IB
$

$

G
A
RI
S$

LI
SE

$
$

SP
IR
A
L2

$
FR

IB
$(L

E)
$

$

KI
SS

$

RI
PS

$
A
12

00
$

$ $

En
er

gy
 

D
eg

ra
di

ng
 

CA
RI
B$

H
IE
BIS

O
LD

E$
IS
AC

$
Re

A
3$

1990- 	
2007- 	

from S. Shimoura	



pnA

0.01

0.1

1

10

07 08 09 10 11 12 13 14 15 16

100

1000

pol-d

d
4He 14N

18O
48Ca

70Zn

“Heavy”

“Medium”

“Light”
78Kr

124Xe

238U

Year	

pnA	

124Xe: 102 pnA 
=> 4.4 kW	

48Ca: 689 pnA 
=> 11.4 kW	

78Kr: 486 pnA 
=> 13.1 kW	

238U: 49 pnA 
=> 4.0 kW	

(primary beam) intensity upgrade at RIBF	

from Kamigaito	Oct.	2016	 Legnaro	



Motobayashi T , and Sakurai H Prog. Theor. Exp. Phys. 
2012;2012:03C001 

© The Author(s) 2012. Published by Oxford University Press on behalf of the Physical Society of 
Japan. 

Nuclear chart potentially covered by RIBF	

��fission + fragmentation of 238U beams 
�  fragmentation of other beams
          --- 1 particle/day by 1pμA primary beam

�  Stable nuclei
�  Known nuclei
�  Nuclei with T1/2 > 1ns (KTUY theory)

Oct.	2016	 Legnaro	

r-process	



Discoveries / gain to our (basic) knowledge

1. r-process is being reached.  -- nuclear astrophysics
	

Oct.	2016	 Legnaro	
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data presented here show no evidence of nuclear structure
changes capable of modifying the gross properties of the
nuclei we have studied. The sudden drop of half-lives
observed of the Koura-Tachibana-Uno-Yamada ðKTUYÞ þ
GT2 calculations [41,42] when crossing of the N ¼ 82
shell is not observed in the data. Since the Qβ values
predicted by the KTUY and DF3 mass models are very
similar, our data indicate a failure of the second generation
of gross theory (GT2) employed to calculate half-lives
rather than to the KTUY mass model.
The half-lives of the N ¼ 82 nuclei are of particular

interest for probing shell model calculations. The tendency
to overestimate the half-life of 129Ag reported in
Refs. [43,44], persists in the more exotic nuclei 128Pd
and 127Rh (see Table II). However, in these calculations, the
quenching factor of the GToperator (q ¼ 0.66) was chosen
to reproduce the half-life of 130Cd (162% 7 ms) reported
in Ref. [46], which is longer than the one reported
here (127% 2 ms). The new N ¼ 82 half-lives reveal that
the calculated values are systematically longer by a nearly
constant factor, with the only exception of 131In. Assuming
that the decay of N ¼ 82 nuclei was dominated by GT
transitions [44], such a constant factor could be approx-
imately accounted by a different choice of theGT quenching
factor. The value q ¼ 0.75 extracted in this way agrees with
the systematics ofpf-shell nuclei [48] and neutron-deficient
nuclei [49]. However, the new half-lives clearly indicate that

the proton-hole nucleus 131In is not following the trend
expected from the shell-model calculations, an observation
that calls for further investigation.
Nucleosynthesis calculations.—The implications of the

new half-lives for the r process were investigated by
conducting a fully dynamic reaction-network calculation
[50,51] study that simulated a spherically symmetric out-
flow from a neutron-rich stellar environment. The time
evolution of matter density followed an early rapid expo-
nential expansion with timescale τ and a later free expan-
sion with a longer timescale approaching a constant
velocity [52]. The initial proton-to-neutron ratio was set
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FIG. 2 (color online). β-decay half-lives determined in this work (solid circles) for a number of isotopic chains as a function
of neutron number, compared with previous results [35] (open triangles) and the predictions of the models FRDMþ QRPA (blue),
KTUYþ GT2 (green), and DF3þ CQRPA (magenta) when available.

TABLE II. Comparison of the present N ¼ 82 half-lives with
previous measurements and the shell model calculations in
Ref. [44].

Half-Life (ms)

Nucleus This work Previous Shell Model
131In 261(3)a 280(30) [45] 247.53
130Cd 127(2)b 162(7) [46] 164.29
129Ag 52(4) 46þ5

−9 [47] 69.81
128Pd 35(3) 47.25
127Rh 20þ20

−7 27.98
aT1=2 gated on γ-ray energy 2434 keV.
bT1=2 gated on γ-ray energies 451, 1669, and 1171 keV.

PRL 114, 192501 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending
15 MAY 2015

192501-4

Lorusso, Nishimura, et al., PRL 114, 192501 (2015) 	
	

r process universality. It is anticipated that universality may not extend to the elements Sn, Sb, I, and Cs,
making the detection of these elements in metal-poor stars of the utmost importance to determine the exact
conditions of individual r-process events.

DOI: 10.1103/PhysRevLett.114.192501 PACS numbers: 23.40.-s, 26.30.Hj, 27.60.+j

Introduction.—The origin of the heavy elements from
iron to uranium is one of the main open questions in
science. The slow neutron-capture (s) process of nucleo-
synthesis [1,2], occurring primarily in helium-burning
zones of stars, produces about half of the heavy element
abundance in the universe. The remaining half requires a
more violent process known as the rapid neutron-capture
(r) process [3–6]. During the r process, in environments of
extreme temperatures and neutron densities, a reaction
network of neutron captures and β decays synthesizes very
neutron-rich isotopes in a fraction of a second. These
isotopes, upon exhaustion of the supply of free neutrons,
decay into the stable or semistable isotopes observed in
the solar system. However, none of the proposed stellar
models, including explosion of supernovae [7–12] and
merging neutron stars [13–16], can fully explain abundance
observations. The mechanism of the r process is also
uncertain. At temperatures of one billion degrees or more,
photons can excite unstable nuclei which then emit
neutrons, thus, counteracting neutron captures in an
ðn; γÞ ⇄ ðγ; nÞ equilibrium that determines the r process.
These conditions may be found in the neutrino-driven wind
following the collapse of a supernova core and the accreting
torus formed around the black hole remnant of merging
neutron stars. Alternatively, recent r-process models have
shown that the r process is also possible at lower temper-
atures or higher neutron densities where the contribution
from ðγ; nÞ reactions is minor. These conditions are
expected in supersonically expanding neutrino-driven out-
flow in low-mass supernovae progenitors (e.g., 8 − 12M⊙)
or prompt ejecta from neutron star mergers [17]. The final
abundance distribution may also be dominated by post-
processing effects such as fission of heavy nuclei (A≳ 280)
possibly produced in merging neutron stars [18].
New clues about the r process have come from the

discovery of detailed elemental distributions in some
metal-poor stars in the halo of our galaxy [19,20]. A main
conclusion of these observations is that the abundance
pattern of the elements between barium (Ba, proton number
Z ¼ 56) and hafnium (Hf, Z ¼ 78) is universal. Recent
observations by the Space Telescope Imaging Spectrograph
on board of the Hubble Space Telescope [21,22] indicate
that tellurium (Te, Z ¼ 52) is also robustly produced along
with the rare earth elements.
Nuclear physics properties such as β-decay half-lives

and masses are key for predicting abundance patterns and
extract signatures of the r process from a detailed com-
parison to astronomical observations [23]. This is espe-
cially true when ðn; γÞ ⇄ ðγ; nÞ equilibrium is established.

Otherwise, ðn; γÞ cross sections or fission properties may
very well be responsible for main features of the abundance
observations. In this Letter, we report on the half-life
measurement of 110 unstable nuclei with proton number
Z ≤ 50 and neutron number N ≈ 82. These nuclei are key
in any r-process mechanism [23] because their enhanced
binding bends the r-process path closer to stability slowing
down the reaction flow—the flow has to wait at the slowly
decaying species. The half-lives of thesewaiting-point nuclei
determine the time scale of the r process and shape the
prominent r-process abundance peak of isotopes with
A ≈ 130. The precise theoretical prediction of these half-
lives is challenging because the structure evolution ofN ≈ 82
nuclei is still unknown despite the recent experimental efforts
[24–30]. The data we present in this Letter also serve as
important constraints to probe and improve nuclearmodels in
this region.
Experimental procedure.—The nuclei of interest were

produced by fission of a 238U beam induced through
collisions with a beryllium target. The U beam had an
energy of 345A MeV and an average intensity of about
6 × 1010 ions=s. After selection and identification, exotic
nuclei were implanted at a rate of 50 ions=s in the stack of
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FIG. 1 (color online). Particle identification spectrum [33]. Ions
are identified with respect to proton number Z and the mass-to-
charge ratio A=Q. Charge state contamination is significant but
well separated in A=Q for the nuclei of interest. Nuclei with
newly measured half-lives are on the right side of the red solid
line. The heaviest masses for which half-lives can be measured
are tagged for reference by red circles. The half-lives reported in
this Letter are for the elements from Rb to Sn.
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110 (40 new) half lives measured	

many r-process nuclei 	

EURICA + WASABI	

12 EUROBALL clusters at RIKEN	

EURICA	



β decay half-lives at RIBF 
- touching the r-process path	
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from S. Nishimura	



Impacto to r-process abundance with new T1/2  (RIBF)	
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238U	
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232Th	
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128,130Te	

The new data with an (n, γ) ⇄ (γ, n) equilibrium.  

G.Lorusso et al., 

Oct. 2016 Legnaro 
from S. Nishimura	



Discoveries / gain to our (basic) knowledge

1. r-process is reached.  -- nuclear astrophysics
2. n-rich shell structure explored  -- nuclear structure

- magic numbers, deformation -
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RI beam 
	

direct reaction* in inverse kinematics	

Ex ç Eγ	

       γ-ray	detector	

Bound states excited à (Doppler shifted) γ ray measurements
unbound states excited à particle decay 
        à Invariant mass (particle correlation) measurements	

* Inelastic scattering, nucleon(s) removal / knockout, charge exchange  -- no mass transfer 	
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SRC �

70Zn primary beam�

secondary beams
Including 55Sc�

reaction product 
54Ca (identified) �
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projectile fragmentation�

proton removal reaction�

DALI2 �

γ-ray measurement
186 NaI(Tl) schintillators
with Doppler-shift correction

Low-lying states measured by deexcitation γ-rays with DALI2
       direct reactions (inelastic, nucleon removal, …)�
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Nature, 502 (2013) 207

N=34 shell gap large in 54Ca?  è  Yes	

E(2+) (keV)	

N=32	
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Z	

2+ at 2043(19) keV	

Oct.	2016	 Legnaro	

at RIBF	

c.f.	Otsuka	(Tuesday)	
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Mapping of the Island of Inversion (n-rich region around N=20)	
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Islands à New region of large deformation?　34,36,38Mg (40Mg soon)	

30Mg	 31Mg	32Mg	 33Mg	 34Mg	29Mg	

30Na	 31Na	 32Na	 33Na	29Na	

31Si	 32Si	 33Si	 34Si	 35Si	 36Si	
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28Na	

29F	 30F	 31F	26F	 27F	 28F	

N=20	

mass
2+, B(E2)
4+

μ, Q

β-NMR	

Dornenbal, Scheit, Takeuchi, et al., 
PRL111 (2013) 212502

K. Yoneda et al., PLB 499 (2001) 233 	

S. Takeuchi et al., PRC 79 499 (2009) 054319 	



MINOS: Coupling of a Liquid
Hydrogen Target with a TPC

3

MagIc Numbers Off Stability
http://minos.cea.fr

! Up to 1 g/cm2 liquid hydrogen target
! Position sensitive TPC

– Driftime → Z-beam axis
– Vertex position reconstruction
– Achieved ≈5 mm (FWHM)

A. Obertelli et al., Eur. Phys. J. A 50, 8 (2014).
from	Doornenbal 

SEASTER* campaign 
with MINOS (a liq. H2 target + a TPC) + DALI2
- spectroscopy of (p,2p)# residues -

•  Shell Evolution And Search for 
Two-plus energies At RIBF �

# no mass transfer�
Shell Evolution And Search for Two-plus
energies At RIBF (SEASTAR)

◃ New E(2+
1
)

ZeroDegree

MINOS

First Campaign

Photo

Summary of Settings
66Cr and 70,72Fe

Next Campaign
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! 10 pnA 238U, 75 pnA 70Zn primary beams
! 24 days for data runs, 32.5 days including tuning
! DALI2+MINOS+ZDS+(EURICA) or DALI2+MINOS+SAMURAI
! Proposal NP1312-RIBF118 (Spokespersons: PD, A. Obertelli)
! 6 days for 78Ni

survey with ZDS or SAMURAI�



 SAMURAI	

Superconducting Analyzer for MUlti-
particle from RAdio Isotope Beam 
with 7Tm of bending power	

Kinematically complete 
measurements by detecting 
multiple particles in coincidence

Ø   Superconducting Magnet
3T with 2m dia. pole  
  (designed resolution 1/700)  
 80cm gap (vertical)

Ø  Heavy Ion Detectors
Ø   Proton Detectors
Ø   Neutron Detectors
Ø   Large Vacuum Chamber
Ø   Rotational Stage

Invariant Mass Measurement
Missing Mass Measurement

RI beam
from BigRIPS	

target

Superconducting coil

pole(2m dia.)

rotatable 

vacuum chamber

Proton
Heavy Ion

Neutron

Oct.	2016	 Legnaro	

in operation since 2012	



Er(26Ogs)	=	18	±	3(stat)	±	4(syst)	keV	

Er(26O2+)	=1.28	+0.11/−0.08	MeV	Ground	state	
5	Hmes	higher	staHsHcs	
àbeMer	determinaHon	of	energy	

Excited	state	at	~1.3MeV	
First	observaHon	
Most	probably	2+	

No	peak	at	~4.2MeV	

Decay	energy	(MeV)	
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27F+Cà26Oà24O+2n	
(preliminary)	

Excited	state（new）	

Er<120keV	
(95%	CL)	
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Kondo 

Er<200keV	
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Oct.	2016	 Legnaro	

Spectroscopy of (unbound) 26O        28O (N=20) soon	



16	

32	
34	

78Ni	

128Pd	

“Magicity” of n-rich nuclei  studied at RIBF	

disappearance	
appearance	

persistence	

magicity condition 	

Oct. 2016 Legnaro 



Discoveries / gain to our (basic) knowledge

1. r-process is reached.  – nuclear astrophysics
2. n-rich shell structure explored  – nuclear structure

- magic numbers, deformation 
3. Neutron halo in deformed nuclei – nuclear structure

	

Oct. 2016 Legnaro 



Deformed halo ? in Ne Isotopes 
 
Transmission &  
Interaction Cross Section Measurements 
 
M. Takechi et al., Phys. Lett. B707 (2012) 357 

RIBF: 10 cts/s 
RIPS: 4 cts/d 

Oct. 2016 Legnaro 



RIBF: 10 cts/s 
RIPS: 4 cts/d 

Oct. 2016 Legnaro 

19C 20C 22C 31Ne 

Large Coulomb breakup σ for 31Ne  
        à p-wave halo in deformed nucleus	

Nakamura et al., PRL 103, 262501(2009)	

Similar in 37Mg	



Programs to come 
direct mass measurements by “Rare RI Ring” / MR TOF ..
e-RI scattering by SCRIT

Oct.	2016	 Legnaro	



(construction)	

(construction)	

(R&D)	

(construction)	

(construction)	

Equipment and detectors under construction – mass measurements	

Kicker 
system 

Isochronous 
storage 

ring 

start 

Identification             
TOF, dE, E 

stop RF stopping (SLOWRI) + MRTOF	



M. Wakasugi et al., NIMB 317 (2013) 668

SCRIT (e- - RI scattering) 
at RIKEN RIBF

KEK started KISS at RIKEN RIBF. 

Mass separator�

Decay 
measurem
entstations�

(selective) laser ionization of MNT* products 

* Multi Nucleon Transfer
by RI beams (in future) 



Programs to come 
direct mass measurements by “Rare RI Ring” / MR TOF ..
e-RI scattering by SCRIT
Low-energy RI beams (CNS, U. Tokyo)

CRIB – in operation
OEDO – new project 



*	CNS	Radio-Isotope	Beam	separator		
	operated	by	CNS (Univ. of Tokyo),	located	at	RIBF	(RIKEN	Nishina	Center).	

Oct. 2016 Courtesy of Hidetoshi Yamaguchi 
Legnaro 

7Be(α,γ)	of	astrophysical	interest	 

CRIB* uses ~10 MeV/nucleon HI beams from the AVF injector of RIKEN RIBF.  

direct reactions as (p,n) 
in inverse kinematics 

~ 5MeV/nucleon 

H. Yamaguchi et al., PRC (2013) 

e.g.	7Li	+	1H	à	7Be 

~ EXOTIC 
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mass (A) Courtesy of S. Shimoura 

bunched beam from cyclotron  

OEDO reduces the beam-spot size using the arrival-time difference
by an RF deflector (synchronized with the cyclotron RF)
even with a large energy-loss in the degrader (e.g. 200 à 20 MeV/nucleon)
to realize (versatile) fragmentation-based degraded beams of tens MeV/nucleon.   



Plans for future RIBF

	

Oct.	2016	 Legnaro	



To	be	compeHHve	also	ager	2025	

Year	 20
07	

20
08	

20
09	

20
10	

20
11	

20
12	

20
13	

20
14	

20
15	

20
16	

20
17	

20
18	

20
19	

20
20	

20
21	

20
22	

20
23	

20
24	

20
25	

20
26	

20
27	

RIBF	 実験開始	 施設完成	 RIBF大強度化	 RIBF2	

FAIR	 建設開始	 実験開始	 施設完成	

FRIB	 建設開始	 実験開始	 施設完成	

ARIEL	 建設開始	 第1フェーズ	 施設完成	

Spiral2	 建設開始	 実験開始	 施設完成	

SPES	 建設開始	 実験開始	 施設完成	

ISOLDE	 建設	
4	MeV	
達成	 10	MeV　達成	

RISP	 建設開始	 実験開始	 施設完成	
34	34	

An	RIBF	upgrade	plan	was	submiMed	to	Science	Council	of	Japan		-	partly	approved		
	

Oct.	2016	 Legnaro	



RIBF	upgrade	plan	submiMed	to		
Science	Council	of	Japan		(146M$)			-	partly	approved		

Super conducting 
Cavity 500kW�

Helium 
refrigerator�

28GHz Super Conducting 
ECR Ion Source�

RI production�

32M$	
FY2016	
Supplement	

12M$		RRC	
refurbishment		

103M$	
Toward 1st experiments in 2025

with  >10 times higher RI beam intensities	

SHEs 119 and beyond
More neutron-rich (heavy) nuclei	

Oct.	2016	 Legnaro	



Oct.	2016	 Legnaro	

Status of RIKEN
- research at RIBF 

	

RIKEN RIBF* 
experiments since 2007
fast RI beams by projectile fragmentation / fission
world highest capability of RI beam production

Discoveries / gain to our (basic) knowledge
r-process, shell evolution, neutron halo

Programs to come 
Direct mass measurements, e-RI scattering
OEDO - low-energy RI beams OEDO

Plans for future

# applications – plant breeding, RI production, abrasion test, 
   σ for transmutation, 


