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Ratio = ~10 6

태양계의 원소비율



decay -   Be  HeHe

Bang Big  -   Li He,He, H, 

844

34



< Hoyle in 1953 >

C α 3 12 Is insufficient to explain the observed abundance

γ C α Be 128 

Proposed O+ at 7.68 MeV in 1953

438.4
2 α Be8 

C12

MeV   367.7

Measured at 7.65 MeV in 1957 

 removed the major roadblock for the theory that elements are made in stars

 Nobel Prize in Physics 1983 for Willy Fowler



M.S. Smith and K.E. Rehm,

Ann. Rev.  Nucl. Part. Sci, 51 (2001)

In many cosmic phenomena, radioactive nuclei play an influential role, In many cosmic phenomena, radioactive nuclei play an influential role, 

hence the need for hence the need for Radioactive Ion Beams / Rare Isotope Beams 

2,771293 NNDC (BNL, 2000)3,064



We try to observe nuclear reaction We try to observe nuclear reaction 
processes from processes from 

 Heat from starsHeat from stars

–– probes only surfaceprobes only surface

 Abundances of elementsAbundances of elements

 Neutrino’s from starsNeutrino’s from stars

–– probes interior of starprobes interior of star

 Lab studies of reaction crossLab studies of reaction cross--sectionssections

– Experimental nuclear astrophysics



Evolution of the stars 
Synthesis of elements
Evolution of the stars 
Synthesis of elements

Observation
(Astronomy)

Model Simulation
(Astrophysics) 

Lab. Measurement
(Nuclear physics)



Nova observations

Nova Cygni
Nova Persei



Nova models

Companion star

Hydrogen

Helium

White Dwarf

Explosion:  thermonuclear runaway on surface of 

accreting white dwarf



Galloway et al. 2003

97-98

2000

Precision X-ray observations
(NASA’s RXTE)

Woosley et al. 2003  astro/ph 0307425

Need much more precise nuclear data to make full use of 
high quality observational data

Uncertain models due to nuclear physics

Burst models with
different nuclear physics
assumptions

Burst models with
different nuclear physics
assumptions

 GS 1826-24 burst shape changes !

(Galloway 2003 astro/ph 0308122)

From Schatz

example:  observation – model – nuclear astrophysics



Thermonuclear reactions in stars
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Nuclear Reactions

Notation  

p 12C 13N

g

12C(p,g)13N

The heavier

“target” 

nucleus

(Lab: target)

the lighter

“incoming

projectile”

(Lab: beam)

the lighter 

“outgoing

particle”

(Lab: residual

of beam)

the heavier

“residual”

nucleus

(Lab: residual of target)

12C + p  ->    13N + g

14O(,p)17F



Nuclear Reactions in the Sun



PP-I

Qeff= 26.20 MeV

p + p  d + e+ + 

p + d  3He + g

3He + 3He  4He + 2p 

86% 14%

3He + 4He  7Be + g

2 4He

7Be + e-


7Li + 
7Li + p  2 4He

7Be + p  8B + g
8B  8Be + e+ + 

99.7% 0.3%

PP-II

Qeff= 25.66 MeV
PP-III

Qeff= 19.17 MeV

net result:     4p  4He + 2e+ + 2 + Qeff

proton-proton chain

From M. Aliotta

Nuclear Reactions in the Sun







First experimental detection of solar neutrinos:

• 1964 John Bahcall and Ray Davis have the idea to detect solar neutrinos

using the reaction:

 eArCl e

3737 

• 1967 Homestake experiment starts taking data

• 100,000 Gallons of cleaning fluid in a tank 4850 feet underground

• 37Ar extracted chemically every few months (single atoms !)

and decay counted in counting station (35 days half-life)

• event rate: ~1 neutrino capture per day !

• 1968 First results: only 34% of predicted neutrino flux !

solar neutrino problem is born - for next 20 years no other detector !

Neutrino production in solar core ~ T25

nuclear energy source of sun directly and unambiguously confirmed

solar models precise enough so that deficit points to serious problem

From Schatz@MSU
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From L. Gialanella @ INFN

7Be + p  8B + g
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From L. Gialanella @ INFN



 ““We stand on the verge of one of those We stand on the verge of one of those 
exciting periods which occur in science exciting periods which occur in science 
from time to time. from time to time. ……there is an urgent need there is an urgent need 
for data on the properties and interactions for data on the properties and interactions 

of of radioactive nucleiradioactive nuclei …… for use in nuclear for use in nuclear 
astrophysicsastrophysics..””

1985 by Fowler (Nobel prize 1983)



The experiment was performed in 1992

production target

primary beam 
(cyclotron)

D1

D2

F1

F2 target

plastic scintillator
hodoscopes

            RIPS 
(RIken Projectile fragment Separator)

radioactive beam

56 NaI(Tl)

8B beam

p

7Be

PPAC

50 - 90 MeV/nucleon

DALI

HODO

8B Coulomb dissociation

DALI

(208Pb)



8B+208Pb > 7Be+p+208Pb (C.D.)
virtual photon theory or DWBA

8B(g,p)7Be (abs.)
detailed balance

7Be(p,g)8B (capt.)

large 
thick target (intermediate energy)

experiments with R.I. beams

8B

208Pb

7Be

p

Coulomb dissociationCoulomb dissociation Virtual photons

c.f. Nakamura
halo nuclei= Coulomb excitation to unbound states

c.f. Mueller, Mueller, …     
spectroscopy
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Comparison of resultsComparison of results



The Nobel Prize in Physics 2002

"for pioneering contributions to astrophysics, in particular for the 

detection of cosmic neutrinos"



SelectedSelected Experiments with RIBExperiments with RIB



AstrophysicallyAstrophysically Important Nuclear ReactionsImportant Nuclear Reactions

77Be(Be(p,p,gg))88BB
88Li(Li(,,nn))1111BB
1212C(C(,,gg))1616OO
1414O(O(,,pp))1717FF

1515O(O(,,gg))1919NeNe
17,1817,18F(F(p,p,))14,1514,15OO

2525Al(Al(p,p,gg))2626SiSi
5656Ni(Ni(p,p,gg))5757CuCu
8585Kr(Kr(n,n,gg))8686KrKr

134134Cs(Cs(n,n,gg))135135CsCs
……



Nuclear reactions in stars

produce energy

generate the elements

Nuclear Astrophysics



A Better Set of Models for 
Explosive Events

Hydrodynamic 

Properties

Temperature

Density

Flow

Etc.



Requires a Better Understanding of 
Nuclear Processes

Unstable Isotopes
 Reaction rates

 Excited states

 Decay rates 

Bounds of Stability
 Proton drip-line

 Neutron drip-line

Understanding 

Nucleosynthesis & 

Energy Generation 

in Explosive Events

To study unstable isotopes we need radioactive beams!



Supernova Simulations First 300 ms:  A. Burrows

300 km10 km







t = 0

Neutrino-driven wind forms

right after SN core collapse.

n + p           n + 

t = 18 ms

Seeds form.

Exotic neutron-rich 78Ni

t = 568 ms – 1 s

Heavy r-elements synthesize.

SUPERNOVA R-PROCESS

Otsuki, Tagoshi, Kajino & Wanajo

2000, ApJ 533, 424

Wanajo, Kajino, Mathews & Otsuki

2001, ApJ 554, 578

t = 0
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XX--ray burst and novaeray burst and novae



25Al

24Mg

23Na

22Ne21Ne20Ne

22Na

23Mg

24Al
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17O

18Ne

17F

16O

15N

15O14O

13N

12C 13C

14N

HCNO cycle

CNO cycle

Stable

Unstable

Z

N

rp process

CNO cycle : T9 < 0.2 
HCNO cycle: 0.2 < T9 < 0.5
rp process : T9 > 0.5



Break-out: 14O(,p)

14O+

18Ne

14O(,p)17F 17F(p,)14O 17F(p,p)17F





OO



Blackmon et al. @Oak Ridge



일본 이화학연구소 가속기 시설





Experiment: June 25~July 1, 2008

Momentum dispersive

Focal Plane : F1 

Production Target : F0

Wien filter Focal Plane :F3, 

exp.set up



Separation of secondary beam

Two dimensional plot of 
RF1 vs TOF at F3

14O8+

14N7+

11C6+

14O beam was distinguished 
very cleanly. 



\

He target & Detectors



Aram Kim @ Ewha, Ph.D. Thesis (2010)













PROSPECTPROSPECT



The Joint Institute for 

Nuclear Astrophysics

Core Institutions

University of Notre Dame
Michigan State University
University of Chicago

Associate Institutions
University of Arizona
Arizona State University
University of California (SB, SC)
Argonne National Laboratory
Los Alamos National Laboratory
ViSTAR-GSI

Collaborations

SciDAC SN Center
SDSS-II-SEGUE
DUSEL
RIA-ARIA

12 research groups –
20 faculty members -
21 postdocs - 25 graduate students



JINA research

Replicating in the laboratory stellar processes 
observed and theorized

EXPERIMENT

Observing what the eyes 
cannot see

OBSERVATION
Understanding what is 

observed

THEORY

What are the origins of 
the elements?

What makes a 
supernova explode?

What is the physics 
of compact stars?
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Major Research 

Focus & Components

MRC1 - Nucleosynthesis
and Stellar Evolution

MRC2 - Nucleosynthesis in 
Supernova Shock Front

MRC3 - Nucleosynthesis in 
Cataclysmic Binaries



14N(p,g)15O and the 

limits of measurement

reduction of total reaction rate
increases globular cluster age by ~1 billion years 

New experiments at 
LUNA, LENA, TAMU 
confirm lower S-factor 
extrapolation !

Top line is previous accepted 
value; bottom line is present 
measurement.

MRC1



Korean Researchers in this area Korean Researchers in this area 



1. Motivation for ν-processes in Nucleosynthesis

2. Indirect (Multi-step or Compound nuclei) 
and
Direct (One-step or Knock-out) Processes 
for ν-12C 

From M. K. Cheoun  @ Soongsil Univ.

Neutrino Reaction in Nuclear-
Astro Physics



• Astrophysical Compact Object

– Chemical equilibrium (                                   ) and

– Electrical charge neutrality (                          ) between particles.

– Pressure             Gravity: TOV equation

– Equation of State(EOS)
• Free-fermion gas

• Nuclear Physics (Symmetry Energy)

• Hadron Physics

n, p, e,
muon, pion, 

kaon, …

R ~ 10-15 km

M ~ 1-3 Msun

Nuclear Symmetry Energy and  Compact Stars  

From H. K. Lee  @ Hanyang Univ.



From C. H. Lee @ Pusan Univ.



Observations

*Smith, M. 2003 



Nuclear PhysicsNuclear Physics

–– New Radioactive IsotopesNew Radioactive Isotopes

–– New, comprehensive understanding of New, comprehensive understanding of 
nuclei  nuclei  

Nuclear AstrophysicsNuclear Astrophysics

–– Properties of radioactive isotopesProperties of radioactive isotopes

–– Cross section measurements with RIBCross section measurements with RIB

–– Origin of elements in the UniverseOrigin of elements in the Universe

Physics Objectives of Physics Objectives of KoRIAKoRIA



F. Montes Nuclear Astrophysics

Contribution of different processes

Ba: s-process
Eu: r-process

Ba

Eu

Contribution of the diff. processes to the solar abundances

s-process:
Astrophysical model

p-process:
Astrophysical model

r-process:
Abundance of 

enriched-r-process 
star

from   F. Montes



From Michael Smith 



RIA

Existing facilities

today

FRIB+ 
FAIR+
KoRIA

New Era due to RIB Facilities

At present, except for 

a few cases (blue), 

output of models 

cannot be matched to 

measured 

abundances.

Future RIB  facilities 

will allow one to 

constrain r-process 

models using 

abundance data
A colored dot means that the relevant nuclear d

ata (mass, halflife, P(βn)) could be measured.Constrain r-process environment by comparison of 
simulations with observation!

From Langanke



KoRIA layout (2010. 10.05)

linac

Experiment building

Beam line [for acceleration]

Beam line [for experiment]

Target building

IFF linac

ISOL linac

Future plan

200MeV/u (U)

Stripper

SC ECR IS

Cyclotron
K ~ 100

Fragment 
Separator

Charge
Breeder

SCL RFQ

RFQ

SCL 

SCL

Low energy experiments

ISOL
target

In-flight
target

μ, Medical
research

Atom trap
experiment

H2+
D+



권영관@중앙대



Summary Summary 

Measurements using RI beams at Measurements using RI beams at KoRIAKoRIA will will 
give us a deeper understanding of explosive give us a deeper understanding of explosive 
stellar sites by providing nuclear properties for stellar sites by providing nuclear properties for 
stellar explosion modelsstellar explosion models

–– XX--ray burst, novae, supernovae, etcray burst, novae, supernovae, etc

–– the origin of elements (rthe origin of elements (r--process)process)

Combined Efforts from Astrophysics, Combined Efforts from Astrophysics, 
Astronomy, Nuclear and Particle Physics Astronomy, Nuclear and Particle Physics 
communities are crucial. communities are crucial. 

–– BSI   BSI   



We We are all made of are all made of starstardustdust that were created by that were created by 

nuclear reactionsnuclear reactions


