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Revised rates for the stellar triple-«
process from measurement of 'C
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three a-particles (helium nuclei) are able to combine to form ¢
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
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extrapolation is needed....
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EXTRAPOLATION DIRECT EXPERIMENTAL
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sometimes extrapolation fails !
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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



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.” |
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8B CD Experiment at RIKEN
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12C beam on 9Be target


Coulorno dissociatior virual photons 88”7
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8B
= Coulomb excitation to unbound states

8B+208Pph —> "Be+p+208Pp (C.D.)

!

8B(y,p)’Be (abs.)

!

"Be(p,y)eB (capt.)

large o

thick target (intermediate energy) . .
experiments with R.l. beams
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Selected BExperiments with RIB
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Astrophysically Important Nuclear Reactions

"Be(p,y)eB
8Li(a,n)''B
12C(at,y) 180
140 (o, p)17F
150(a1,y)9Ne
17.18F(p,0) 14150
25A1(p,v)26S]
%6Ni(p,y)°’Cu
85Kr(n,y)8oKr
134Cs(n,y)135Cs
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Break—out: "O(a,p)

40+a,

18Ne

140(&,0)17’: 17':([),(1)140 17F(D,D)17F



Measurements

1 Direct measurements are desirable ways to
measure the 9O(a,y)'°Ne and “O(a,p)7F
reactions over Iindirect methods.

1 Only became possible after new generation of
accelerators that can make 4150 and 17F
beams In the late 90’s.

i There are still large uncertainties of the
reaction relevant to X—ray burst and novae.
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p(1’F,1*O)a Experiment at ORNL
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- Completed RIB experimenits: 17, jlr'E’T"'F(j,'.:-g,,\f::nr‘,h, 17, fBF(p,c:;J, 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
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Recent RIB Experiment at CNS
‘He+140

: Primary target
H, 400 torr, 80K

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
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He target & Detectors
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marked by # has not been seen before.

TABLE 1. R-matrix fit parameters and the results of shell model ealenlations.

Er[MeV] Eem.[MeV] [afkeV] [plkeV) JT o EIM TS M)

803 40.00 2.92 40.40 + 5.90 208,00 +38.00  OF

8.50 +0.07 3.38 84.50 + 21.00 546.00 + 60.00 1

9.10 £0.10 3.99 27.00 £ 6.00 467.50 = 59.00 3 9.47 3
(0.27 47)

9.60 £ 0.09 4.49 620.00 £+ 104.00 7.80 £ 6.60 1~ 10,02 1~

10.07 + 0.08 4.96 1.50 + 0.80 00,00 +18.00  2¢  10.06 2t
(10.10 0t)

(Color online) Excitation function of the
10 (a, a)O reaction at the 0 degrees telescope. The level

d /d (mb/sr)
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Measurement of the *O(e, p)'’F cross section at E, ,, ~ 2.1-5.3 MeV
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18F(p, )10 reaction in nova explosion

170(,0,7/)
F(p,7)'®Ne(e*v,)

FOA

T ~ 2hrs, B*-decay

(£,2)"0

(o9'°Ne

=) Important positron annihilation source

18F(p,a)1°0 reaction rate is dominated by

1. 3/2  resonance at E_, = 330keV = clearly measured.
2. the interference of 3/2* states at E_,= 8 and 38 keV and broad
resonance at E_ = 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.  


@RL 110, 032502 (2013)

PHYSICAL REVIEW LETTERS

week ending
18 JANUARY 2013

Is y-Ray Emission from Novae Affected by Interference Effects in the 3F(p, a)'*O Reaction?

A.M. Laird,"* A. Parikh,®” A. St.J. Murphy.* K. Wimmer,”® A. A. Chen,” C. M. Deibel.*’ T. Faestermann,'®"’
S.P. Fox,! B.R. Fulton,! R. Hertenberger,'"'* D. Irvine,” J. José,*® R. Longland,*’ D.J. Mountford,* B. Sambrook,’

D. Seiler._m'“ and H.-F. Wirth' "2

Present work

E, (MeV) E,., (keV) J7 ', (keV)® I', (keV)®
6.014(2) —397 3/2°
6.072(2) —339¢ (3/2%,5/27) 0.143 6% 1074
6.097(3) —314 (7/2,9/2)* e e
6.132(3) —282° (3/2%,5/27) 0.143 7% 1074
6.289(3) —122
6.416(3) 5¢ (3/27.5/2%) 47 x107°° 1.2x107°" 05, 0.126
6.440(3) 29 (11/2%) ‘e fe
6.459(3) 48° (5/27) 8.4 x 10714 5.5
6.700(3) 289 e

6.742(2) 331°¢ (3/27) 2.22 % 10734 5.24
6.862(2) 451 (7/27) 1.1 x 1073¢ 1.2¢

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.  


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

,,,,,,,,,,,,,,,, N
.07 1t
eES
Z; 7.07 (3/2+)
gz [ 6.74 (3/2-)
s 6.41
K235 —= |
5.09 ] 512 1 8 F
1 4.60 464 . HF" + p
(1@}3%24144'20 I7"2)'(9?;)' 3 . 5 3
. 39”2"_
e "O+a
122947 92|
19 Ne
}:%_ 1.5081 5"‘61‘61 Y 312" 51312
112"
12.-10.2383 02751 L2 st
K127 T lgNe J;z:é -

mm) Low alpha threshold energy!
Easy to find the resonances around the proton threshold
via 1°0 + o !


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


We performed the 0O + o experiment in the range
E,=3.53-12.0 MeV in "Ne for understanding

the resonances of °?Ne and their astrophysical implications to
novae and alpha cluster structure of °Ne.

—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 (E,,=3.53MeV).
We aim :

1. First observation of alpha cluster states in °Ne
2

h
E.=E,+—I(l+1
exc 0 2] ( ) Fw vs. T

a

2. ldentification of the existence and their effects of 3/2* states around
the proton threshold

Ny <ov>=1.54x 10MNMAT) " % wy x exp(~1 1.&-05?}
Q
EJF + l rl.l"rp

T Qja+D2is+ ) T
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NP1412-AVF20R1 . .
Measurement of alpha elastic scattering on O

Kevin Insik Hahn

e Beam time : Sep. 20~29, 2015 (9days) Mylar dE-E detector
« AVF cyclotron, | | \\ " (20um-480um)
e Primary beam : 1>N7*, 7.0MeV/u, 600pnA 20 %(
« Primary target : H, gas, 600 Torr, (90K) '
» Secondary beam : 1508+ < S
» Secondary target : “He, 660 Torr PPACa  PPACH 210mm
He gas target
e 0 beam i
EA y purity : 99.9% =L

/1256 intensity : 6x10° /s s

reliminary

10 n EL 4 S0 L 70 &0 b 100 0o is 20 2= 30 as
Histogreamn: 153 —  FOF
RF1 vs Tet X single Etot tell

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



R-Matrix theory in nuclear physics

o X3 R-Matrix theory=

SHHE-Z 0| A 2| resonancesE A HSH7| {5 TF=0
HS o 2 5 ]

3. S Ob7| /i ShAtEim Shutg o] ATS S M
7] 9150}
* ﬁ%al O“A-I AAO' — R-Matrix Ol | 7|%&|| EEHE Kapur Ql' Peier|59|0|-03| |‘

=R 1= wignerll EisenbudOf| 2|SH A T X{ 2| R-matrix 0| = 0| H &

1hl

. coupled-channel 72| & A AME Z 7|25t spaceE internal region}
2t =

o O
external region2 £ =2 LIH+0] MZSH0] s = &HOFH.



R-Matrix theory in nuclear physics

8C

Incident Channel

Interior Region

@

Exit Channel

Il‘

Nuclear reaction; & 7| A M=mass, I=spin, Z=charge S 2|0| 2}

R-matrix= channel2 B3 E| =0 O|I{, channel

AHEe| &= 280
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Scattering theory in nuclear physics

* Scattering theoryOl| A ChannelO| 7tX| = S E = c=(a,l,5,)) = 2 E (a
= mass, charge, spin, Q-value= L 2HSt |.orbital angular momentum
of pair, parity(-1)' s: channel spin s= i+l; J: total angular momentum J=I+s)

i

* Cross section o= 7 L e’ s -U_.| é,
= 2/ 41 (spin statistical factor)
Eie = 0iv ) @I +1) P
] : 2mM-
K, =(hk,) = (m+M) E" (center of mass)
U .=QW_Q, (scattering matrix)

(constant @ =e'"™) )

W =P"*(I-RLY'(I-RL P"* | (related to R- matrix term)




SAMMY

Scattering theoryOl| A A At= S| dh print INP

O 717 = 1L oy (| I , I . - S L.
0L nfel 0B SO| WRUT| HE ooy o s
ol sSAMMYZE 10| A K| sHEtS KEY-WORD PARTICLE-PAir definitions

AlS A AL = L- = PRIMT ALL INPUT PARAMETERS
= %I J_l—l- tl- EI_:I E|_I L O-I _I_O-I Ol: chi squared is wanted

FE) differential data are in ascii file
o do not suppress any intermediate results
generate odf file automatically

EE_CI).__I' —I|:— (P:le'g—l?— E'I %;)AO-IEEI —JF 9)\ do not solve bayes eguations
— Jro _—I_L print debug information
T total angular glomentum HA = print theoretical values
ol.O:I Spin group= Io‘lp_l E;iﬁginmg is not wanted
0:") 150 (1/2_) + aIpha(O*) Name=150+a8 Pa=alpha
Pb=150 Zb= B Mb= 15.828384 sb=
H in = - . Hame=1E8F+p@ Pa=proton
(Incidence channel spin =-1/2+0; i O 15 opeos  Sbe
Total angular momentum = [+s) 5.6758 6.018000

DIFFEREMTIAL ELASTIC SCATTERING

Orbital Incidence Total angular 1 18e.8

. 1.8
momentum channel spin | momentum 1 1 8 —0.5 1.8
1 150+a@ @ -8.5
0 -1/2 1/2- 2 1 @ 8.5 1.8
1 150+a@ 1 -8.5
3 1 B 1.5 1.8

- +

1 1/2 1/2 1 150+a@ 1 -8.5
4 1 @ -1.5 1.8
-1/2 3/2% 1 150+a@ 2 -8.5
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SAMMY-Fitting results (*>O+a)

7 CM Energy(MeV)

fitting 21}

\T@\\@\m B

“ - —|w

[{=]

— S

w2

L

—

w2

=t

— =t

nl.u..“. |F_.1m

iz o

_______________ | i TN

o o o o o o [m] =
L — L — [Fp ] L] L

o o0 [nY] (oY ] ~— —

(qw) uoI329s ssod)



SAMMY-Fitting results (= 0|

Inelastic Scattering Cross Section on “"MNa

cross section [b]
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Impact on the studies of nuclear astrophysics

rp-process in X-ray burst Nuclear inputs:

Masses, Half-lifes,
Reaction rates

Waiting point
64Ge,688e,72Kr



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。


Selected reactions

“As (p,y) ®°Se  sn38) [T Ipp \\$ * Breakout form the (p,y)-(y,p) equilibrium at the waiting point nuclei
= Epoe Hbia7) : 56Ni and 84Ge via two-proton capture.
Cu (p,y) >°Zn Kr(38) [ [ [ [s]alN
Br(35) i vl oo Q61 Ge—y05 A4
Se(34) | | i N A“"Gr-—}”:’ As—865e = F(ir\‘lpﬁ 1 eJifG:'} X €Xp LT X }“35.4:1’—}'555r
As(33) y :
Ge(32) [ ] TR
gﬂ{[??&]} T InShdn! » Dramatic effect on energy production, light curves and final yields
n 1 o |~ 5 |
Cu(29) ENP 3738
Ni28) [T T» b - i - - i -
Goen T T H R RTRT: Proceeding reaction flow into the heavier mass region
2223242526272829303132

(where is the endpoint of the rp-process?)
Reaction flow from H. Schaiz et al., Phys. Rev. Lert. 86, 3471, (2001)

7P (p,y) S and 1CI (p,y) 2Ar

Sc (21) v Significant effect on the XRB light curves. Dominated
Ca (20)[_| by direct proton capture.
;{‘:l';j _ dnd 2324 (proposal by B.C.Rasco, LSU)

CliiT 2122 34 35 36 35 36

s (16] , ‘%~ “Arpy) K(p,y) Caand Ar(py) K
P (15) J 17181920 Influence on nuclear energy generation and predicted light
Si (14) | f curves e.g. multi-peak XRB.
Al (13) n:a 1516

(proposal by Z. Elekes, Atomki)

« Additional proposal to study B(p,y)°C direct-capture reaction rate (by L.Trache, IFIN-HH):
* Explosive hydrogen burning in massive stars

* Hot pp chain pp-1V, bypass of the 3a-process

PROCOMN2015, Lanzhou China, &th July - | Cth Juty, 2015 Valeni Panin for SAMURAI Hl-p collaboration



High-resolution mode of the SAMURAI setup
~10° pps secondary beams of (iron yoke shields the magnetic field) B[]

597N and 67Se @ 250 MeV/u / SAMURAI )
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Rare Isotope Science Project (RISP)

(—

QO Goal : To build a heavy ion accelerator complex for
rare isotope science researches in Korea
QO Project period : 2011.12 - 2021.12
QO Total Budget : ~$ 1.44 billion
(Facilities ~ $ 0.46 bill., Bldgs & Utilities ~ $ 0.98 bill.)

- include initial experimental apparatus

Future Extensiom__-
= Charged Lepton Flavor Violation

A ,
S g OO e
_: Accelerator complex —
- ISOL + In-Flight Fragmentation
Origin of Matter

= Nuclear Astrophysics
=Nuclear Matter

- Super Heavy Element Search | Properties of Exotic Nuclei ‘

= Bio-Medical Science
= Material Science
= Neutron Science

2o | Applied Science

= High-precision Mass Measurement
. =—r—— = | =Nuclear Structure
L =8 ."rl" TN =28 = Electric Dipole Moment and Symmetry
7 = 2 4Bt N =20 = Nuclear Theory
S © = Hyperfine Structure Study

From Jaehong Kim
Project Integration Division




RISP - RAON

< The construction and civil engineering for the Rl 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. 13t this year. A full scale
ground breaking ceremony is scheduled in the near future.

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

X7 I-ﬂ .9_ . #
1§ 7| . '— ‘J 43 Rare lsotope
Institute for Bas| Science Project



RAON Site :

Sindong in Daejeon

Bird’s-eye view

A construction company was
selected in September, 2016.

1bS 7|Enetans

Institute for Basic Science
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From Jaehong Kim
Project Integration Division
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Experimental Facilities at RAON

Field | Faciity | Bxpball | Charscteristics | Remark

High resolution, Large acceptance function, Mass resolution; ~ 200

Recoil spectrometer

Low E . e o
- KOBRA RIBs production with in-flight method Large acceptance; ~ 80 msr
TPC ; 3m sr, Neutron wall,
Large acceptance Spectrometer Low & High efficiency for charged particle, n, and Si-Csl arra
_ LAMPS(L&H) HighE (1) ' ° y B BT = A
dipole spectrometer
. . . High resolution, Precise scattering Momentum resolution ;
High resolution Spectrometer High E (I
Pure g P ghE D Measurement to the focal plan, Rotatable 1.5x10%
science
. Charge and mass separation, Momentum resolution ;
Zero-degree Spectrometer High E (I .
g P ghE D Good mass resolution 1200~ 4100
High precession mass . . . i . i
anp Ultralow E  Penning trap, Multi-reflection Time of flight  Mass resolution ; 105~ 108
measurement system
. . . Spectral resolution ;
Collinear laser Spectroscopy Ultralow E  High Resolution Laser Spectroscopy System <p1 00 MHz
Low / L . . . .
B-NMR/u-SR ) High intensity 8Li & muon production 8Li & muon > 108 pps
High E (11)
Applied : . - Low & Irradiation system : i
Bio-medical facilit . .. Uniformity ; < 5%
science y High E (I1)  for stable & radio ion beam y ?
. - Fast neutron generation & measurement .
Neutron science Facility Low E g Uncertainty ; <afew %

system of fission cross section

(KOrea Broad acceptance Recoil spectrometer and Apparatus)



Characteristics of the KOBRA

_ _ from Y. K. Kwon
= \ersatile two-stage device

= RI beams production (stagel)
- low energy in-flight method
- Quasi Projectile Fragmentation
- Polarized Rl beam (beam swinger)

= High performance spectrometer (stage2)

- Rotatable Commissioning
- Large acceptance (>50mSr) by movable Q magnets just after F3 In 2019 I
- High momentum resolution (p/Ap ~ 10,000) by dispersion matching e

Dipole

(90°

Sy

|

Wien filter F3 Wien filter F4
(reaction) target

* Operation modes

Modes iPmductmni Reaction Remark
- Target = Target
In-flight separation = FO = F3 RIbrT:{m
) FO ( ducti )t ¢ . . SR - - . ... proruction
— (pr 10n ) tar : ! i i
‘J’ productio ge Beam transport - - F3 Dmpers.'lon
\ . . S - . . . matching
Stable/Radioactive beam will be delivered . ’ “"High backeround -
from SCL1 and SCL3(post LINAC) Spectrometer 1 - 1 F0O 1T L en #
P
L

L
19 7|—*—El-gll-a-_llﬂ 4/ SRdIElh‘.J".)U. ‘.!.-

Institute for Basic Science



1b°

Nuclear Physics at

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 D e
- Super Heavy Element (SHE), New isotopes swith RI beams

SHE &

Properties of very heavy nuclei

Nuclear astrophysics

"Be(p.y)°B

s-process

150((1,.},) lQNe

150(2p,y)17Ne rp-process
oNeap Y
ZGmAl(p,'Y)”Si 144Xe + 208Pb 9 206-218Pt (Z=78)

BV (p.,y)*Cr

= number of protons
W
o
g

“Ti(a,p)V 130-135

E -135 Sn(d p)129-l34sn
2Kr(2p.y)"*Sr ’ >
Sﬂzr(gpliggzMo < ':E,‘ _,.;‘ Nuclear astrophysics & structure

fusion up to iron

<Candidates for Day-1 experiments at KOBRA>

—————— number of neutrons

] g ey fum Eed 4
Insltitut:-flt;r_l;as‘l'??_clilf-:n.c_e 8 from Yo Ko Kwon
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New Era due to RIB Facilities
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From Langanke



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

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

— Indirect measurement with RIB
1 Coulomb dissociation, ANC, etc

— Direct measurements with RIB

1 More intense radioactive beams
— Element abundance, star evolution
— X-ray burst, novae, supernovae

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