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@ Introduction (past)
— Nuclear Physics and Astrophysics
— Nuclear reactions in the Sun

@ Selective experiments (present)
— Stellar Thermonuclear reactions
— Experiments with RIB

@ Prospect (future)
— Benchmarking for BSI
— Nuclear Astrophysics @ KoRIA
— Summary
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" A
H, “He, "He,Li - Big Bang
*He+*He — °Be — « -decay

< Hoyle in 1953 >

12
3 oa—> C |s insufficient to explain the observed abundance

"Be+a—>"C+y
7367 MeV
L | 4438 “Bo 1 o
® neutron ™ Froion ¥ Gamma Ray
120 Proposed O* at 7.68 MeV in 1953

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)

293 2,771 3,064 NNDC (BNL, 2000)
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In many cosmic phenomena, radioactive nuclei play an influential role,
hence the need for Radioactive lon Beams / Rare Isotope Beams



@ We try to observe nuclear reaction
processes from

» Heat from stars
— probes only surface
= Abundances of elements
= Neutrino’'s from stars
— probes interior of star
» Lab studies of reaction cross—sections



- Evolution of the stars
- Synthesis of elements

Lab. Measurement

/> (Nuclear physics)

| AN

Model Simulation
(Astrophysics)




Nova observations

Nova Cygni

Nova Persei



Nova models




example: observation —

model — nuclear astrophysics

Precision X-ray observations
(NASA’s RXTE)
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= GS 1826-24 burst shape changes !
(Galloway 2003 astro/ph 0308122)

Uncertain models due to nuclear physics
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Woosley et al. 2003 astro/ph 0307425

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

From Schatz



Thermonuclear reactions in stars

22,2,
hv

S(E) = o(E)E exp[

A = (ov)= j:a(E)v(E)qJ(E)dE

» S(E) E dE
_[ o ' 29| T 1/2
| Ni kT ) (kTE)

Maxwell-Boltzmann tunnelling through
distribution Coulomb barrier

oc exp(-E/KT) oc exp(-,/E; /E )

Gamow peak

relative probability

KT E, energy



Nuclear Reactions

12C_|_p > 13N+Y

o ©—©
140(a, )F
— /N T

The heavier the lighter the lighter the heavier

“target” “incoming “outgoing “residual”

nucleus projectile”  particle” nucleus

(Lab: target) (Lab: beam) (Lab: residual (Lab: residual of target)
of beam)

Notation




Nuclear Reactions in the Sun

2003/08/20 07:00



"  «Nclear Reactions in the Sun

p+p—>d+et+v

p+d->3He+y
86% 14%
SHe + 3He > “He + 2p SHe + “He > "Be +y
- - | -
‘Be+e > Li+v ‘Be+p>8B+y
Li+p > 2 “He 8B > %Be + e* + v

From M. Aliotta

v
2 ‘He

net result:

4p > “He + 2e* + 2v + Q4
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VoLuME 12, NuMBER 11 PHYSICAL REVIEW LETTERS 16 MarcH 1964

SOLAR NEUTRINOS. I. THEORETICAL*

John N, Bahcall
California Institute of Technology, Pasadena, California
(Received 6 January 1964)

SOLAR NEUTRINOS. H. EXPERIMENTAL*

Raymond Davis, Jr.
Chemistry Department, Brookhaven National Laboratory, Upton, New York
(Received 6 January 1964)




First experimental detection of solar neutrinos: From Schatz@MSU

« 1964 John Bahcall and Ray Davis have the idea to detect solar neutrinos
using the reaction:

Cl+v,—— Ar+e”

* 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 ~ T%3
—> nuclear energy source of sun directly and unambiguously confirmed

—> solar models precise enough so that deficit points to serious problem




Total Raltes: Standard Model vs. Experiment
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Lewels and y-ray branchings.
0,2°, 7703 ms, ([ABCDEFGH] T=1,

T EC+HA =100, %ECZu="100,
p=1.0355 3

7746, T=375 keV, [ABCEGH]
7,774 M1

232030, 37, r=35040 keV, [CGH] T=1
106104, 0°, <60 keV, [H] T=2
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] B Direct
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1985 by Fowler (Nobel prize 1983)

“"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.” :

AP Micls Eohr D8rary



88 Coulomb dissociation

50 — 90 MeV/nucleon

radioactive beam DALI

I T I T m
Jupju o T o g '
F2 target
D2 (208pp) /
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The experiment was performed in 1992 HODO



Virtual photons 786/(
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= Coulomb excitation to unbound states

8B+208Pp —> "Be+p+2%8Pp (C.D.)

!

8B(y,p)’Be (abs.)

!

Be(p,y)8B (capt.)
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thick target (intermediate energy)
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experiments with R.l. beams
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VOLUME 73, NUMBER 20 PHYSICAL REVIEW LETTERS 14 NOVEMBER 1994

Coulomb Dissociation of *B and the "Be(p, y)*B Reaction at Low Energies

T. Motobayashi,! N. Iwasa,' Y. Ando,! M. Kurokawa,' H. Murakami,' J. Ruan (Gen),' S. Shimoura,' S. Shirato,’
N. Inabe,> M. Ishihara,>* T. Kubo,?> Y. Watanabe,? M. Gai,? R. H. France III,> K. I. Hahn,>" Z. Zhao>*
T. Nakamura,*® T. Teranishi,* Y. Futami,’ K. Furutaka,® and Th. Delbar’

'Department of Physics, Rikkyo University, 3 Nishi-lkebukuro, Toshima, Tokyo 171, Japan
2RIKEN (Institute of Physical and Chemical Research), Hirosawa, Wako, Saitama 351-01, Japan
3A. W. Wright Nuclear Structure Laboratory, Department of Physics, Yale University, New Haven, Connecticut 06511
*Department of Physics, University of Tokyo, Hongo, Bunkyo, Tokyo 113, Japan

3The Institute of Physics, University of Tsukuba, Ibaraki 305, Japan

®Department of Physics, Tokyo Institute of Technology, O-okayama, Meguro, Tokyo 152, Japan

"Institut de Physique Nucléaire,Université Catholique de Louvain, B-1348 Louvain-la-Neuve, Belgium

(Received 4 January 1994; revised manuscript received 13 July 1994)

The cross section for Coulomb dissociation of *B-—the *®Pb(®B, "Be p)*®®Pb reaction-—was
measured using a ®B radioactive beam of 46.5 MeV/nucleon energy, and the cross section for the
"Be(p, y)®B capture reaction was deduced at low energies; E., = 0.6 — 1.7 MeV. The extracted
astrophysical §,; factors were found to be consistent with the values measured by Vaughn et al. and
Filippone et al. This result encourages further experimental studies extended to lower relative energies
for a new determination of the S,; value relevant to the ®B solar neutrino flux.
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The Nobel Prize in Physics 2002

"for pioneering contributions to astrophysics, in particular for the
detection of cosmic neutrinos”




Selected BExperiments with RIB




Astrophysically Important Nuclear Reactions

Be(p,y)eB
8Li(o,n)1'B
12C(OL,'Y)1GO
14O(OL,D)17F
150(a1,y)9Ne
17’18[:([),0()14’150
25A1(p,y)26S;]
%6Ni(p,y)°’Cu
85Kr(n,y)8oKr
134Cs(n,y)135Cs



Nuclear Astrophysics

ions in stars

Nuclear react



A Better Set of Models for

Explosive Events

forward

Hyd rOdyn amic 2D slice from the 3D simulation
Properties
Temperature
Density
supersonic
Flow Elcen
Etc.

angle —

reverse
shock

radius —m-




Requires a Better Understanding of | 8222

Nuclear Processes .

Unstable |sotopes
o Reaction rates

o EXxcited states

e Decay rates

Bounds of Stability

e Proton drip-line
e Neutron drip-line

Understanding
Nucleosynthesis &
Energy Generation
iIn Explosive Events

To study unstable isotopes we need radioactive beams!



Supernova Simulations First 300 ms: A. BUITOws

TIHE [(SECH
0. [MF1

SCALE (kM)




supernova simulation at ORNL

* supercomputer simulations



37376 6-core processors for 1.759 petaflops/sec

supercomputer simulations



SUPERNOVA R-PROCESS

Otsuki, Tagoshi, Kajino & Wanajo : ,
2000, ApJ 533, 424 i _ & 3 el # a

x, X, X, <A n/s

Wanajo, Kajino, Mathews & Otsuki & o o 3R

2001, ApJ 554, 578

Neutrino-driven wind forms
right after SN core collapse.
nN+p —> Nn+a

Seeds form.
Exotic neutron-rich

=568 ms — 1

ty Ty Py T, b}
553.19 1.27 498 0.45 17.78

Heavy r-elements synthesize. ik 885 W

n a
0.00 0.68 031 13549 0.88
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xrayburst

Timestep = 0

Time (sec) = -4.904E+01
Density (a/cm”3) = 8,006E+04
Temperature (T9) = 1.974E-01

J-

l Max : 6.77E-01

Min : 1.00E-25

Abundance

nucastrodata.org




X-ray burst and novae
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12¢ 4— —_—) 1SF
AT (P v) ’ ’ (p.V)
T C}"E|E 4 |
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CNO: Tg < 0.2 Hot CNO: 0.2<Tg<0.5



N

CNO cycle : T4 < 0.2

HCNO cycle: 0.2 < T4 < 0.5

ro process : Tg > 0.5

13N

v

t t
rp process 24A1| | Al
211\/[g 221\/1g 231\/[g .
20Na 21Na 22Na .

N

— HCNO cycle

— CNO cycle




Break—out: "O(a,p)

140+

140(a’p)17': 17F(p’a)14o 17F(D’D)17F



HRIBF

Tandem
Accelerator

ORIC
Accelerator

Chilsers\bxth\AppDatatLocalMicroseft\Windows\ Tem
porary Internet
lRISﬂ Files\ Content. Outlook\B3YVUAYK helifield_all2 (4).png

Joint User Meeting : -
B82011 T




HRIBF Silicon Detector Array (SIDAR)

- measure crucial resonance parameters 1 7F(p,p) ...
- directly measure astrophysical reactions 18F(p,a) ...

- 3 arrays of 128, 128, and 64 Si strip defectors

p(‘l F ,‘I 49){1
p(-1 ?F:1 ?F)p p .,""?

17F rad beam

thin foil
(CHs), target

- Completed RIB experiments: 17, fHF(p,p), 17, fHF(p,c:;}, 17, Fp.p’)
- High Energy Resolution, Low Backgrounds
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RIBF

CNS Facilities at
RIKEN

(Under CNS-RIKEN joint AVFEBT
venture)
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CNS RIB Separator (CRIB)

Wien filter F2: Achromatic focal plane

F1:
Dispersive
focal plane

Producti n
target



Experiment: June 25~July 1, 2008

Production Target : F0

N —

-~
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Wien filter

Momentum dispersive
Focal Plane : F1
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om
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Separation of secondary beam

30

215

S v . 140 beam was distinguished
! __ very cleanly.

20 % > ¢ Smri <
2= {

175

125
10

(]

0 10 20 i A0 an E1]
. Hisiogram I = 108
RF1*ToF in Target

Two dimensional plot of
RF1 vs TOF at F3



He target & Detectors
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Aram Kim @ Ewha, Ph.D. Thesis (2010)
400

350

300

250

200

150

do/dC (mb/sr)

100

E cm (MeV)

Fig. 5. (Color online) Excitation function of the

0(a, @) O reaction at the 0 degrees telescope. The level
marked by #* has not been seen before.



First results for a
recent °Be(d,p)
experiment in
inverse kinematics\



Experimental Tools: °Be Batch Mode Beam and
CD, Targets

Long-lived, mass-separated 1°Be purchased in solution from
Y-12
Accelerated from a sputter source as beryllium oxide,
oxygen dissociated at upper terminal
Post stripping to remove 1°B contaminants
107 MeV (V;=24.4 MV) and 60 MeV (V;=17.7 MV) beams

Self-supporting CD,, 100 — 300 pg/cm?




+ Both bound states are single
neutron halo states

— Very weakly bound: S, =504 keV,
184 keV

— Small angular momentum: £= 10,1

+ Level inversion: 2s,,, intruder
ground state

+ Breakdown of the N=8 magic
nhumber
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"Be - Background
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Revised rates for the stellar triple-«
process from measurement of '2C
nuclear resonances

Hans 0. U. Fybo', Christian Aa. Diget', Uffe €. Bergmann-,

Maria J. G. Borge ', Joakim Cederkall, Peter Dendooven-, Luis M. Fralle,
Serge Franchoo®, Valentin N. Fedosseev', Brian R. Fulton ',

Wenxue Huang', Jussi Huikari', Henwik B. Jeppesen', Ari 5. Jokinen™ ",
Peter Jones”, Bjgrn Jonson”, Ul Koster', Karlheinz Langanke',

Mikael Meister', Thomas Nilsson, Gdran Nyman®, Yolanda Prezado’,
Karsten Rilsager', SamiRinta-Antila’, Olof Tengblad ', Manuela Turrion
Youbao Wang', Leonid Welssman -, Katarina Wilhelmsen®,

Juha Aystd“’ & The ISOLDE Collaboration’

]I'Ja.'p.urrrrra.'rrr of Physics and Astronomy, University of Aarhus, S000 Artus C,
Digriemark

LCERN, CH-1211 Geneva 23, Switzerland

*Instituto Estructura de la Materia, CSIC, Serrano 113k, E-28006, Madrid,
Sparin

VKV, Zernikelaan, 9747 AA Giromi gent, The Netheriands

-'I'Ja.'jr.urrrrrrrrr uf Pliysics, University uj"]’-urﬁ;. Heslington, YOI 500, UK

" Department of Physics, University of [ywaskyla, FIN-40851 Jyviaskyla, Finland
* Helsinki Institute of Physics, FIN-00014 University of Helsinki, Finland
e{Evrprr'r'rrr:.'rrr.u|' Phiysics, Chalmers Uniiversity uj"ﬂ’:.'l"frrufug}' artdd Gotelrorg
LUlrniversity, 5-41 296 Gotetrorg, Sweden

three a-particles (helium nuclei) are able to combine to form 12¢
because of a resonant reaction leading to a nuclear excited state'.
(Stars with masses greater than ~0.5 times that of the Sun will at
some point in their lives have a central temperature high enough

for this reaction to proceed.) Although the reaction rate is of
critical significance for determining elemental abundances in the

MATURE |VOLA33 | 13 JANUARY 2005 | wiwis i peco md ralare

¢ Publishing Group




Impact of recent publications

physicsworld.com
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ScisncelDaily (Oct. 31, 2070} — Tin may seem like
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Curious excitation of ‘magic’ isotope

THE I50T0OPES of tin {30} provide a perfect labomatory for
studying a variery of nuclear properties at the Emiw of paride
smabiling. The ™50 jzorape s partcularly impormne as i hasa
so-calbed ‘doubly meapc’ closed-ghell nuckeus, with 50 protons
and 50 newrrons, which has helped phvsicists m develop the
MNuclear Shell Model. Under this modsl it is expected that
the ground-stane spins of the semi-magic Botopes HH8055n
will be identical, and dependent on which single-partice
otbriral has the lowest energe. Experimennal dara for known
isotopes in chis rangs have previowshe indicared no exceprions,
b remearchers at the Ouk Ridee Natdonal Labomtery in the
United States have found an unexpected result.

|:|n mieasuring energy spectra in xenon-tellurume-tn
alpha-decay chains, the ream found thar the spins of
the ground state and the firse excited stare of '™ 8n were
reversed with respect to the heavier isotopes. The authors
of the study, published in P ical Repier Lesters, explain
that the inversion results from un usually strong pairing
interacrions berween newtrons in the ouwter orbiral and
relatively small encrpy splicting between orbizals. This
behavieur makes the proton-rich nuclel above '"'Sn
unique, Characterising their nature is essential for
calibrating thesrenical models and for predicting che
properties of unmeasured nuclei. &)

Lenc 2011 Bluesci
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“'I:he Joint Institute for

™ SN A

Core Institutions Associate Institutions

University of Notre Dame | University of Arizona
Michigan State University || Arizona State University

2 Nuclear Astrophysics

—— = -

University of Chicago University of California (SB, SC)
Argonne National Laboratory

Collaborations Los Alamos National Laboratory

SCIDAC SN Center VISTAR-GS

SDSS-II-SEGUE 12 research groups —

DUSEL 20 faculty members —

RIA-ARIA 21 postdocs — 25 graduate students




The Joint Institute for Nuclear Astrophysics A

JINA research e tbeen 08 |

JINA

Observing what the eyes

cannot see What makes a

supernova explode?

standing what is
observed

THEORY

What are the origins of
the elements?

What is the physics
of compact stars?

Replicating in the laboratory stellar processe
observed and theorized :

EXPERIMENT



The JINA collaboration Network
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Major Research
Focus & Components

and Stellar Evolution AR | R
MRC2 - Nucleosynthesis in

Supernova Shock Front
MRC3 — Nucleosynthesis in

Cataclysmic Binaries




S-factor (keV bam)

“N(p,y)'*O and the
limits of measurement

Top line is previous accepted
value, bottom line is present

measurement.
100 1

New experiments at
LUNA, LENA, TAMU
confirm lower S—factor
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#® reduction of total reaction rate Surface Temperaure ()
# increases globular cluster age by ~1 billion years



Korean Researchers in this area




Neutrino Reaction in Nuclear—
Astro Physics

1. Motivation for v»~processes in Nucleosynthesis

2. Indirect (Multi—step or Compound nuclei)
and
Direct (One—step or Knock—out) Processes
for »~12C

From M. K. Cheoun @ Soongsil Univ.



From H. K. Lee @ Hanyang Univ.

Nuclear Symmetry Energy and Compact Stars

» Astrophysical Compact Object

L [ o R~ 10-15 km
muon, pion, M~ 1-3 M
sun

kaon, ...

— Chemical equilibrium ( ftn — tp = e = M) and
— Electrical charge neutrality ( 72p = Tle + 7, ) between particles.
— Pressure 4= Gravity: TOV equation

r

_ N
 Free-fermion gas

* Nuclear Physics (Symmetry Energy)

* Hadron Physics
\. J

g% \W/CU Project: Particle Physics Laboratory m
’ Hadronic Matter under Extreme Conditions Department of Physics, Hanyang University ..

— Equation of State(EOS) -




From C. H. Lee @ Pusan Univ.

Prospects for KoRIA

Nuclear Synthesis from various types of Supernovae
Symmetry Energy in Neutron Stars

Leading role in Astrophysics
- gamma-ray bursts & gravitational wave radiation
from colliding NS binaries

* Protan Mumber




INTEGRAL
(y-rays)

Hubble
(visible)

Chandra
(X-rays)

SIRTF
(infrared)

WMAP
(microwave)

Keck,
Subaru,
ESO

Observations

M

LIGO

: Meteorites
Grawvitational Waves %

Meutrings

SuperK

SIMS

*Smith, M. 2003



Physics Objectives of KoRIA

@ Nuclear Physics
— New Radioactive Isotopes

— New, comprehensive understanding of
nuclei

@ Nuclear Astrophysics
— Properties of radioactive isotopes
— Cross section measurements with RIB



Contribution of different processes

Ba: s—process

Contribution of the diff. processes to the solar abundances
Eu: r—process
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pioneering results with neutron-rich unstable beams

B2Ge(d p)EGe

134Te(d,p)'35Te

Silicon strip 328n(d,p)'**Sn

detectors ;
65 um - 1000 um
Rate <100 Hz '

130Sn(d,p)'31Sn

From Michael Smith



New Era due to RIB Facilities

At present, except 1{o] g
a few cases (blue), "
output of models

cannot be matched to Js
measured. I
abundances. E

Future RIB facilities
will allow one to
constrain r-process
~models using 80
“abundance data

® today

@ Existing facilities
® FRIB+

100 120 140 160 180 200
mass number

From Langanke



SC ECR IS

RFQ SCL

KoRIA layout (2010. 10.05)

200MeV/u (U)

IFF linac SCL Future plan

Stripper
Cyclotron .
K~ 100 \ M, Medical

research

ISOL linac

SCL

Breeder Fragment
Separator

B e linac

Beam line [for acceleration]
Beam line [for experiment]




- IRIS mode

Schematic representation of the KRS

Dipole Magnet : 45 deg. deflection and 1.5 m radius

Quadrupole magnet : 30.0 cm length and 10.0 cm or 12.0 cm radius
Hexabpole magnet : 10.0 cm length and 10.0 cm radius

Wien Filter ;: 1.5 m length

\ In-flight :sc_eparation

detection of reaction pfoducts

_‘-----;

¥

"‘-—-----I-I'

\
M L -
Triplet @ - magnet F1 and F4 : Dispersive Focus SPECtrﬂmEter
for dispersion matching F0, F2, F3, and F5 : Achromatic Focus
fram: IKoRIAestween KRS and Beam Line
=

KRS KoRIA



@ Measurements using Rl beams at KoRIA will
give Us a deeper understanding of explosive
stellar sites by providing nuclear properties for
stellar explosion models
— X-ray burst, novae, supernovae, etc
— the origin of elements (r—process)

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

- BSI



nuclear reactions



