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The astrophysical S-factor

S(E) =  E·σ(E)·exp(2πη)

σ(E) = S(E)·exp(-2πη) /E

2πη = 31.29 Z1 Z2 (µ/E)0.5

?

extrapolation is needed….
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but…

??S(
E)

   
fa

ct
or

sometimes extrapolation fails !!



M.S. Smith and K.E. Rehm,
Ann. Rev.  Nucl. Part. Sci, 51 (2001)

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

hence the need for Radioactive Ion Beams / Rare Isotope Beams 

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



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

of radioactive nuclei … for use in nuclear 
astrophysics.”

1985 by Fowler (Nobel prize 1983)



Production of Radioactive Ion Beams

RIA

In-Flight Fragmentation
(heavy ion energetic beams)

• GSI (Germany)
• NSCL (USA)
• RIKEN (Japan)
• GANIL (France

ISOL Method
(2 accelerators)

ISOLDE (Cern)
Louvain (Belgium)
ISAC (Canada)
HRIBF (ORNL)
SPIRAL (France)
Jyvaskala (Finland)

TAMU,UND

John M. D’Auria
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8B CD Experiment at RIKEN

7Be(p,γ)8B

발표자
프레젠테이션 노트
12C beam on 9Be target



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

8B(γ,p)7Be (abs.)
detailed balance

7Be(p,γ)8B (capt.)

large σ
thick target (intermediate energy)

experiments with R.I. beams

8B

208Pb

7Be

p

Coulomb dissociation Virtual photons

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

c.f. Mueller, Mueller, …     
spectroscopy



140

120

100

80

60

40

20

0

S 1
7 (

eV
-b

)

300025002000150010005000
Ecm (keV)

7Be(p,γ)8B

RIKEN-I (94)

RIKEN-2 (98)

C.D.: insensitive to M1 resonance
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Coulomb dissociation of 8B

Solar neutrino production



Selected Experiments with RIB



Astrophysically Important Nuclear Reactions

7Be(p,γ)8B
8Li(α,n)11B
12C(α,γ)16O
14O(α,p)17F

15O(α,γ)19Ne
17,18F(p,α)14,15O

25Al(p,γ)26Si
56Ni(p,γ)57Cu
85Kr(n,γ)86Kr

134Cs(n,γ)135Cs
…



별에서 핵합성(Nucleosynthesis)
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Break-out: 14O(α,p)

14O+α

18Ne

14O(α,p)17F 17F(p,α)14O 17F(p,p)17F



Measurements

Direct measurements are desirable ways to 
measure the 15O(α,γ)19Ne and 14O(α,p)17F  
reactions over indirect methods.

Only became possible after new generation of 
accelerators that can make 14,15O and 17F  
beams in the late 90’s.

There are still large uncertainties of the 
reaction relevant to X-ray burst and novae. 





p(17F,14O)a Experiment at ORNL



Blackmon et al. @Oak Ridge



일본 이화학연구소 가속기 시설





: Primary target
H2, 400 torr, 80K

: Secondary target.
He gas, 450 torr
detectorsWien filter

Recent RIB Experiment at CNS
4He+14O

14O(α,p)17F

21

발표자
프레젠테이션 노트
14O secondary beam was produced through the well known reaction,14N(p,n)14O.
The energy of the 14N6+ primary beam was 8,4 MeV/u, H2 400 torr, 500 pnA



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







18F(p,α)15O reaction in nova explosion

17O(p,γ)

17F(p,γ)18Ne(e+νe)
18F

(p,α)15O

(p,γ)19Ne

τ ~ 2hrs, β+-decayImportant positron annihilation source

τ ~ 2hrs, β+-decay

18F(p,a)15O reaction rate is dominated by

1.  3/2- resonance at Ecm = 330keV  ⇒ clearly measured.
2.  the interference of 3/2+ states at Ecm= 8 and 38 keV and broad  

resonance at Ecm= 665 keV ⇒ still controversial !! 

발표자
프레젠테이션 노트
The emission of gamma rays by novae is dominated by e-e+ annihilation of which main source is from beta decay of 18F. 
18F is produced via the 17O(p,g)18F reaction and by beta decay of 18Ne, while it is destroyed by the 18F(p,a)15O and 18F(p,g)19Ne reactions.
18F(p,a)15O rate is dominated by the two known resonances at Ex=6.74 and 7.07 MeV.  



None of three states just above the proton threshold are found to be 
consistent with 3/2+ assignment!

발표자
프레젠테이션 노트
By the way, a recent PRL paper shows very different results. This box represents three states just above the proton threshold. But, as you see, any of these states are  not consistent with a 3/2+ assignment. So, we need to identify this problem.  



18F+p
15O+α

6.41

3.53

7.07 (3/2+)
6.74 (3/2-)

19Ne

Low alpha threshold energy! 
Easy to find the resonances around the proton threshold
via 15O + α !

We need to decide the resonance energy and Jπ of important states 
around the proton threshold for the determination of the reaction 
rate.

발표자
프레젠테이션 노트
7MeV 이하 즉, 가모윈도우 내에서 알파위쓰를 직접 측정한 적은 없음. 모두 계산 값.



We performed the 15O + α experiment in the range 
Ex=3.53-12.0 MeV in 19Ne for understanding 
the resonances of 19Ne and their astrophysical implications to 
novae and alpha cluster structure of 19Ne.

⇒These measurements will allow us to measure resonance parameters 
such as alpha widths, spins, parities and excitation energies of important 
resonance states above the alpha threshold (Eth=3.53MeV).
We aim :

1. First observation  of alpha cluster states in 19Ne
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2. Identification of  the existence  and their effects of 3/2+ states around 
the proton threshold

Γw vs.  Γα





• Beam time : Sep. 20~29, 2015 (9days)

• AVF cyclotron, 

• Primary beam : 15N7+, 7.0MeV/u, 600pnA

• Primary target : H2 gas, 600 Torr, (90K)

• Secondary beam : 15O8+

• Secondary target : 4He, 660 Torr PPACa PPACb 210mm

15O

dE-E detector
(20μm-480μm)

He gas target

Mylar

Measurement of alpha elastic scattering on 15O
Kevin Insik Hahn

15O

15O beam
purity : 99.9%
intensity : 6×105 /s

The experiment was performed successfully, as we identified many resonances of 19Ne.  

NP1412-AVF20R1

Preliminary



R-Matrix theory in nuclear physics

• 처음 R-Matrix theory는핵반응에서의 resonances를설명하기위하여만들어

짐.현재는핵반응으로부터야기되는핵산란과핵반응의결과들을설명하

기위하여쓰임

• 핵물리에서쓰이는 R-Matrix 이론의기본적토대는 Kapur와 Peierls의하여만

들어졌으며그후 Wigner와 Eisenbud에의해서현재의 R-matrix 이론이정립

됨

: coupled-channel 슈뢰딩거방정식을풀기위하여 space를 internal region과

external region으로둘로나누어생각하여해법을찾아냄.



R-Matrix theory in nuclear physics

R-matrix는 channel로표현되는데이때, channel은한쌍의입자와두입

자간의상호작용에관한정보를가지고있어야한다.

Nuclear reaction; 여기서M=mass, I=spin, Z=charge를의미함



Scattering theory in nuclear physics
• Scattering theory에서 Channel이가지는정보는 c=(a,l,s,J)로정의됨 (a 
는mass, charge, spin, Q-value를포함함; l:orbital angular momentum 
of pair, parity(-1)l s: channel spin s= i+I; J: total angular momentum J=I+s)

• Cross section 

(center of mass)

(spin statistical factor)

(scattering matrix)

(related to R- matrix term)

(constant                       )



SAMMY
Scattering theory에서계산을위해
많은파라미터들이필요했기때문
에 SAMMY코드안에실제핵반응
실험과관련된변수를넣어주어야
함(질량,양성자수스핀값등)
또한두입자로부터생성될수있
는 total angular momentum값을구
하여 spin group을정의

예) 15O (1/2-) + alpha(0+)
(Incidence channel spin = -1/2+0;
Total angular momentum = l+s)
Orbital
momentum

Incidence
channel spin

Total angular 
momentum

0 -1/2 1/2-

1 -1/2 1/2+

-1/2 3/2+



SAMMY-Fitting results

입력값이계산값과잘일치하지않은경우 fitting 결과
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SAMMY-Fitting results (15O+𝛼𝛼)

입력값이계산값과잘일치하는경우 fitting 결과
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SAMMY-Fitting results (좋은예)

입력값이계산값과잘일치하는경우 fitting 결과



rp-process in X-ray burst

R. Giacconi
2002 Nobel奖

Waiting point 
64Ge,68Se,72Kr

Impact on the studies of nuclear astrophysics

X-ray burst

Nuclear inputs:
Masses, Half-lifes, 

Reaction rates

발표자
프레젠테이션 노트
X-射线爆是热门话题。已观察到上百个。可帮助我们认识中子结构。

爆发时，中子星吸积H/He，形成高温密环境，导致不可控热核反应，X-射线通量在几秒内突然变化。

该模型涉及大量短寿命原子核质量数量。这些数据的不确定性，影响模型预言的观察量。

精度<100 keV，相当多的核质量不达标。
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High-resolution mode of the SAMURAI setup
(iron yoke shields the magnetic field)~103 pps secondary beams of

59Zn and 67Se @ 250 MeV/u

Silicon microstrip trackers
for coincident HI-proton
tracking
• Strip pitch 684 um
• Wide dynamic range 104

Relative HI-p angle
Protons

Heavy 
fragments

rail platform

2 mrad resolution



○ Goal : To build a heavy ion accelerator complex for 
rare isotope science researches in Korea

○ Project period : 2011.12 - 2021.12
○ Total Budget : ~$ 1.44 billion 

(Facilities ~ $ 0.46 bill., Bldgs & Utilities ~ $ 0.98 bill.) 
- include initial experimental apparatus

Rare Isotope Science Project (RISP)

3From Jaehong Kim
Project Integration Division



RISP - RAON

 The construction and civil engineering for the RI beam 
accelerator facility called RAON (Rare isotope Accelerator 
complex for ON-line experiments) has begun. 

 The ground breaking for accelerators and experimental 
buildings was done on Feb. 13th this year. A full scale 
ground breaking ceremony is scheduled in the near future.

43

Site preparation : 
Acc. & Exp. bldg site ('16.07.~'17.01.), Support bldg site('16.08.~'17.06.) 



RAON Site : 

44

Sindong in Daejeon
Current RISP Office

~11 km

Area (Lot/Bldg): 952,066 m2 / 130,846 m2

A construction company was 
selected in September, 2016.
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*
Low Energy Exp. LAMPS

ZDS

µSR

Bio-medical facility

High Energy Exp. I

High Energy Exp. II

Very-low Energy 
Exp.

CLS

HPMMS

Neutron Facility

KOBRA

From Jaehong Kim
Project Integration Division
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Experimental Facilities at RAON
Field Facility Exp. hall Characteristics Remark

Pure          
science

Recoil spectrometer
– KOBRA

Low E
High resolution,  Large acceptance function,  
RIBs production with in-flight method 

Mass resolution; ~ 200
Large acceptance; ~ 80 msr

Large acceptance Spectrometer 
– LAMPS(L&H)

Low & 
High E (I)

High efficiency for charged particle, n, and γ
TPC ; 3π sr, Neutron wall, 
Si-CsI array, 
dipole spectrometer

High resolution Spectrometer High E (I)
High resolution, Precise scattering 
Measurement to the focal plan, Rotatable 

Momentum resolution ; 
1.5x104 

Zero-degree Spectrometer High E (I)
Charge and mass separation, 
Good mass resolution

Momentum  resolution ; 
1200~ 4100

High precession mass 
measurement system 

Ultra low E Penning trap, Multi-reflection Time of flight Mass resolution ; 10-5~ 10-8

Collinear laser Spectroscopy Ultra low E High Resolution Laser Spectroscopy System 
Spectral resolution ;
≤ 100 MHz

Applied 
science

β-NMR/µ-SR
Low / 

High E (II)
High intensity 8Li & muon production 8Li & muon > 108 pps

Bio-medical facility
Low & 

High E (II)
Irradiation system  
for stable & radio ion beam 

Uniformity ; < 5%

Neutron science Facility Low E
Fast neutron generation & measurement 
system of fission cross section 

Uncertainty ; < a few % 

(KOrea Broad acceptance Recoil spectrometer and Apparatus)



Characteristics of the KOBRA
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 Versatile two-stage device
 RI beams production (stage1)

- low energy in-flight method
- Quasi Projectile Fragmentation

 High performance spectrometer (stage2)

- Large acceptance (>50mSr) by movable Q magnets just after F3
- High momentum resolution (p/∆p ~ 10,000) by dispersion matching

- Rotatable Commissioning 
in 2019 !

- Polarized RI beam (beam swinger)

from  Y. K. Kwon



Nuclear Physics at KOBRA

48

 Main Research Subject
• Nuclear structure of exotic nuclei

- shell evolution, shape coexistence, isomers, etc
• Nuclear reactions

- deep inelastic, multi-nucleon transfer reactions…
• Astrophysically important nuclear reactions
• Rare event study 

- Super Heavy Element (SHE), New isotopes 

from  Y. K. Kwon



by S. Wanajo (Tokyo)



RIA

Existing facilities

today

FRIB+ 
FAIR+
RAON

New Era due to RIB Facilities

From Langanke
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Summary

Nuclear astrophysics studies have been very 
successful and there are many more interesting 
studies to be done.

Measurements using RI beams will give us a deeper 
understanding of the Universe

– Indirect measurement with RIB
Coulomb dissociation, ANC, etc

– Direct measurements with RIB
More intense radioactive beams

– Element abundance, star evolution

– X-ray burst, novae, supernovae

KoBRA is one of the first experimental facilities at 
RAON for nuclear astrophysics and nuclear structure 
studies using low energy RI beams. 



We are all made of stardust that were created by 

nuclear reactions

감사합니다.
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