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Nuclear astrophysics studies at the RIKEN RIBF,!
! ! ! ! ! ! ! ! !a new-generation RIB facility!

 	

Some new results from Japan!
Challenges at RIBF!

!recent results!
!experiments on-going!
!future programs	
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■　fission + fragmentation of 238U beams !
■  fragmentation of other beams!

!1 particle per day by 1pμA primary beam!

Nuclear chart potentially covered by RIBF	



Large!

Japanese Accelerators available for Nuclear Physics Community!
Research Center for Electron 
Photon Science, Tohoku 
University (ELPH) 
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30GeV Proton Synchrotron 

SPring-8 (RIKEN/JASRI) 
 

 

 

8GeV e - Synchrotron 

RCNP, Research Center for 
Nuclear Physics, Osaka 
University 
 

 

 

 

 
K400 Cyclotron 

HIMAC at National Institute of 
Radiological Sciences 
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π, K, µ, n, (ν) 	



Small!

Japanese Accelerators available for Nuclear Physics Community!

RI beam	

p, d, C, O, ..	

photon (inverse Compton)　　	

Kyushu Univ. 
 

 

 

 

 

 

Tandem (~9 MV) 

CNS (Univ. Tokyo)  
 

 

 

 

CRIB (~5 MeV/nucleon RI beams) 

Hokkaido Univ. 
Nuclear Data (charged particle) 

NEW SUBARU 

 

 

 

 

. 
SOR (2-10 MeV photons) 

Tsukuba Univ. 
Tandem à Vdg. (earthquake) 

JAEA 

 

 

 

 
TRIAC (RI beams) à Tandem 

heavy ions	

CYRIC (Tohoku Univ.) 

 

 

 

 

 
Cyclotron (p 90 MeV) 

lignt ions	



Kyushu U.  Tandem�



Challenge for low-energy 12C(α,γ)16O cross sections	

Tandem 

RMS 

ΔE-E detector by 
Ion chamber+SSD 

Sputter 
ion source 

12C beam 

Tandem Accelerator 

Blow-in windowless 
4He gas target 

Long-time chopper 

chopper buncher 

16O3+ 

12C 

Recoil  
Mass  
Separator 
(RMS) Background reduction 

Recoil mass separator（RMS） ~ 10-11 

Pulsed beam（TOF）                 ~ 10-2 

Long time chopper（LTC）　　 　 ~ 10-3 

DE-E counter                           ~ 10-2 

TARGET 

~10-18 

4He 

Mar. 2014 Russbach 
Courtesy of Kenshi Sagara	

-- A long-standing question for helium burning à neutron stars..	



CNS, U. Tokyo �



7Be(α,γ) study at CRIB 
•   CNS Radio-Isotope Beam separator , operated by CNS (Univ. of 

Tokyo), located at RIBF (RIKEN Nishina Center). 

Mar. 2014 

(~10 MeV/nucleon, RIKEN RIBF)	

Is this reaction competitive to triple-α in νp process? 	

Courtesy of Hidetoshi Yamaguchi	
Russbach 



7Be+α Excitation functions	

•  For 4 excitation functions… H. Yamaguchi et al., PRC (2013). 

Mar. 2014 

Small but not negligible contribution from 
the newly-identified resonances compared 
to lower-lying states (~10%).	Russbach 



RCNP, Osaka �



RCNP	  Cyclotron	  Facility	  

Osaka	  University	  
Research	  Center	  	  
	  	  for	  Nuclear	  Physics 
 

Courtesy of Nori Aoi 



RCNP	  Cyclotron	  Facility	  

大阪大学・核物理研究中
心	  
Osaka	  University	  
Research	  Center	  	  
	  	  for	  Nuclear	  Physics 
 

K400 
Ring Cyclotron 
  pol p    400 MeV 

 3He     140 AMeV 
 Light heavy ion  100 AMeV 

  Heavy ion	

	



RCNP 
High-resolution particle spectroscopy at RCNP 

大阪大学・核物理研究中心 
Osaka University 
Research Center  
  for Nuclear Physics	

	

WS course for 
   beam analysis Large Acceptance 

Spectrometer 

Grand Raiden 
  Spectrometer 



58Ni(p, n)58Cu 
            Ep = 160 MeV 
58Ni(3He, t)58Cu 
            E = 140 MeV/u 
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GT (στ) excitations by high-resolution (3He,t)  

Y. Fujita et al.,	

EPJ A 13 (’02) 411.	


H. Fujita et al.,	

PRC 75 (’07) 034310	


J. Rapaport et al.	

NPA (‘83) 

GTGR	


Mar. 2014	
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c.f. weak reaction rates �



RIKEN RIBF�



RIKEN RIBF�

A new-generation RIB facility 



nuclear structure / response!
!halo, skin, ….!
!shell structure   e.g. (dis)appearance of magic numbers!

!
asymmetric nuclear matter!
!
explosive nuclear burning   !

!reaction cross section!
!mass (Q value), half-life, …!
! ! ! ! !	

First RI beams 
 LBL  in 1985　　　　　　　　　　　“Fragmentation” method    
 Louvain la Neuve in 1989　　“ISOL” method 
 RIKEN in 1990        “Fragmentation” method 

    	
Mar. 2014 Russbach 

Major motivations of studying unstable nuclei�



(construction)	

(construction)	

(R&D)	

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

experimental  
equipment 

345 MeV/nucleon 
      up to U (2006-) 

135 MeV/nucleon 
     for light nuclei (1986-) 

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

160 M$	 400 M$	

RIPS (1990-) 
  ~50 MeV/nucleon	

BigRIPS (2007-) 
  ~200 MeV/nucleon	

Mar. 2014 Russbach 
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RI beam production by “projectile fragmentation*”	

Projectile with  20-70% of light speed  
 à fragment in similar velocity and direction 

Various products à selection  
 à secondary beams of unstable nuclei (RI beams) 	

for secondary reaction 

* known in cosmic-ray studies	
Mar. 2014 Russbach 

projectile	

target	

fragment	

c.f. “ISOL” method	

RIBF uses “projectile fission” in addition.	



Motobayashi T , and Sakurai H Prog. Theor. Exp. Phys. 
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■　fission + fragmentation of 238U beams !
■  fragmentation of other beams!

!1 particle per day by 1pμA primary beam!

Nuclear chart potentially covered by RIBF	

Max. beam power: 7 kW 
 à ~20 kW by 2015 

Evolution of beam intensities at RIBF 
Okuno, Fukunishi, Kamigaito, 	

Prog. Theor. Exp. Phys. 03C002 (2012).	


1011 pps	
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Challenges	  at	  RIBF	  for	  nuclear	  astrophysics	  
	  
　 	  1.	  β	  decay	  half	  lives	  of	  r-‐process	  nuclei	  -‐-‐	  Nishimura	  
	  

	  2.	  spectroscopy	  of	  neutron-‐rich	  nuclei	  à	  	  shell	  quenching	  (around	  N=50,	  82,..)	  
	   	   	   	   	   	   	   	   	   	  -‐-‐	  Nishimura	  (decay)	

　	   	  3.	  Coulomb	  dissociaOon	  at	  SAMURAI	  à	  rp	  (r)	  process,	  s-‐process	  
	   	   	   	   	   	   	   	   	   	  	  
	  4.	  fission	  of	  n-‐rich	  nuclei	  at	  SAMURAI	  à	  fission	  barrier	  height	  	  

	  
	  5.	  weak	  processes	  by	  charge-‐exchange	  reacOons	  in	  inverse	  kinemaOcs	  

	  
	  6.	  “Rare	  RI	  Ring”:	  being	  constructed	  à	  masses	  of	  r-‐process	  nuclei	  	  	  w.	  	  Tsukuba	  

	  
	  	  	  	   	  7.	  “SLOWRI”:	  financed	  	  à	  e.g.	  precision	  mass	  measurements	  by	  MRTOF	  	  

	   	   	   	   	   	   	   	   	   	   	   	   	  à	  r,	  rp	  process	  	  	  
	   	  	  
	  	   	  8.	  Kiss	  project	  for	  spectroscopy	  in	  the	  “blank	  spot”	  	  	  -‐	  r	  process	  3rd	  peak	  
	  
　 	  9.	  CRIB	  	  	  (CNS)	  à	  low-‐energy	  studies	  	  	  	  	  è	  OEDO	  project	  (slowdown	  RI-‐beams)	

Mar.	  2014	 Russbach	
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SRC �

70Zn primary beam�

secondary beams!
Including 55Sc�

reaction product !
54Ca (identified) �
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production!
target (Be)!

2ndary target (Be)!

projectile fragmentation�

proton removal reaction�

DALI2 �

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

2+ energy of 54Ca: measured by deexcitation γ-rays with DALI2 �

���

���

���

a recent highlight  -- an example of RIBF experiments	
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Nature, 502 (2013) 207!
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Nature, 502 (2013) 207!

N=34 new shell gap in 54Ca?  è  Yes	
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2+ at 2043(19) keV	
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Pd�
Ag�
Cd�
In �

70� 76� 80� 82� 84� 86� 88�

Sn�
Sb�
Te�
I �
Xe�

78�74�72�

136�

2+ excited state known�

2+ excited state newly identified �

Excitation energies of 2+ states�

128�126�124�122�

H. Wang et al., PRC 88 (2013) 054318!
H. Watanabe et al., PRL 111 (2013) 152501!
H. Wang et al., PTEP 2014 (2014) 023D02�

Mar. 2014 Russbach 



New Ex(2+) and Ex(4+) data	

Mar. 2014	
 Russbach	


No significant!
Quenching!
!
 !
 !
!
!
Useful information!
for understanding!
r-process.!



New Ex(2+) and Ex(4+) data	

Mar. 2014	
 Russbach	


No significant!
Quenching!
!
c.f. Isomer study!
at Eurica (Nishimura)!
!
!
Useful information!
for understanding!
r-process.!
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•  Detectors for Heavy Ion!
•  same as (γ,n)!

•  Detectors for Proton!
•   Proton Drift Chamber!
•   Plastic Hodoscope!
•   Silicon Strip Detector!

- Broad dynamic range (~10,000)!
        Both proton & heavy ion (Z < 50)!
        hit the detector!
         - High density signal processing!

                 Signals of about 2500ch in total!
!

!Under development!
!Based on ASIC technology 
!in collaboration with!
!Texas A&M Univ. and  

                         Washington Univ. in St. Louis!
!HINP16C --- 16ch processing in 1 chip!
!two output for energy and timing!

Detectors for Proton	

(γ, p) reaction or Coulomb dissociation:  
 proton-rich side	

Detectors for Heavy Ion	

Silicon Strip Detector	

Pb target	

Mar. 2014	 Russbach	 Capability for 2p capture cases	

Courtesy of K. Yoneda	

SAMURAI  large acceptance spectrometer at RIBF  
   secondary beam experiments (2012-)	



Captures	  in	  the	  rp-‐,	  p-‐	  process	  
	   	  56Ni(p,γ)57Cu, 64Ge(p,γ)65As, 

68Se(2p,γ)70Kr, 
       100Sn(p,γ)101Sb, 
               …	

2p	  decay	  
　17Ne, 20Mg, 22Si,… 

hot	  pp,	  …	  
	  	  	  	  9C, 27P ..	  

Possible	  experiments	  in	  the	  first	  stage	

Experiments: from 2013!
“SAMURAI Collaboration”!
Any new ideas: welcome.	

Mar. 2014	 Russbach	



If the Brink Hypothesis is applicable, γ-ray strength function is 
obtained by Coulomb dissociation.    Utsunoiya (Konan U.)	

n+AX 

A+1X 

E,	  J,	  π	
AX(n,γ)A+1X	 A+1X(γ,n)AX	

  

€ 

fXλ (εγ ) ↑=
εγ

−2λ+1

(πhc)2
σXλ

abs(εγ )
2λ +1

€ 

εγ < Sn

€ 

εγ > Sn

Photoneutron emission	Radiative neutron capture	

€ 

fXλ (εγ ) ↑≅ fXλ (εγ ) ↓Brink	  Hypothesis	

	  
	  
	  
	

 
 
 
 
	

€ 

σXλ
γn (εγ ) =σXλ

abs(εγ ) ×
Tn

Tn +Tγ

 
 
 
 
	

continuum 

€ 

fXλ (εγ ) ↓=
TXλ (εγ )
2π

εγ
−(2λ+1)

Courtesy of H. Utsunomiya	
Mar. 2014	 Russbach	



	  
	

A+1	 A+2	

γSF	  Method	  with	  Coulomb	  dissociaOon	

known	  (n,γ)	

A-‐1	 A	

(γ,n)	

unknown	  (n,γ)	

134Cs, 135Cs, 154Eu, 155Eu 
160Tb, 163Ho, 170Tm,170Tm, 
179Ta, 204Tl 

Important	  s-‐process	  branching	  nuclei	
F.	  Käppeler	  et	  al.,	  Rev.	  Mod.	  Phys.	  83,	  157	  (2011)	

	  
	  
	  
	  	  	  	

Coulomb	  dissociaOon	

Courtesy of H. Utsunomiya	
Mar.	  2014	 Russbach	



Fission Barriers of Lead Isotopes 
 

P. Möller et al.; Phys. Rev. C 79 (2009) 064304   
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N=126 

Mar.	  2014	  

No data at all!	

Fission barrier of neutron rich nuclei   --- fission recycling / surface symmetry energy	

Russbach	  Courtesy of W. Henning	



FDC2 

p	  
	  
	  
p	  

Mar.	  2014	  

Approach at high energies with RIBs 
in inverse kinematics: nucleon knockout 
i.e., (p, 2p) or (p, pn) etc… 

SAMURAI 

Russbach	  Courtesy of W. Henning	
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Saha equation for A+n ßà (A+1)+γ  	

equilibrium in explosive conditions: between the inverse processes!
! !e.g. radiative capture ßà photo-disintegration!

nuclear mass	

Qnγ = m(A)c2 + m(n) c2 – m(A+1) c2	

level (density)!
temperature	

Process can be (mostly) controlled by the reaction Q-values (not by σ).   e.g. r-process?	



(construction)	

(construction)	

(R&D)	

(construction)	

(construction)	

Equipment and detectors in RIKEN RIBF – mass measurements	



Isochronous storage ring method  -- under construction!
1event/day, 1ms, 1ppm (10-6 precision)!

F3 

Kicker 
system 

Injection line 

Isochronous 
storage 

ring 

Trigger signal BigRIPS 

selection 
Bρ, TOF  Individual injection 

SHARAQ 

F5 

β measurment 
δβ/β ~ 10-4 	

TOF measurement 
δT/T < 10-6 
~ 0.7ms (=2000turns) 
200 MeV/u 

Isochronous field 
by trim coils 
δB/B ~ 1ppm 

start 

Identification             
TOF, dE, E 

stop 

Courtesy of A. Ozawa	Mar.	  2014	 Russbach	



Systematic mass measurements 
Waiting-point of the r-process path 

Courtesy of A. Ozawa	

Plan: 1st measurement in 2015!
!78Ni with 70 keV resolution	

Mar.	  2014	 Russbach	



Ion Trap	


Ion Mirror	
 Ion Mirror	


Detector	


SLOWRI – MR TOF!
  another method of mass measurements!
  10-7 precision!
!
Data: by M. Wada!
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Study of neutron-rich nuclei!
in the vicinity of the r-process 3rd peak!
produced by multi-nucleon transfer (MNT).!
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Gas stopping à laser (element-selective) ionization!
à Extraction à mass separation!

MNT systematic was tested by an experiment at GANIL.!

Mar.	  2014	 Russbach	



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. 

■　fission + fragmentation of 238U beams !
■  fragmentation of other beams!

!1 particle per day by 1pμA primary beam!

Nuclear chart potentially covered by RIBF	
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Plenary Talks by!
J. Jose, R. Surman, S. Nishimura, …!
A few more talks on nuclear astrophysics.!
!　!

May 1st  - early registration deadline.!
VIst!
http://ribf.riken.jp/ARIS2014/.!
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