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Log, (Abundance)

Abundance of Si
is normalized to 10°

Night Sky from SARF

2, Atomic number

Jung Keun Ahn (Korea University)
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Norburring hydrogen

Hydrogen fusion.
Hellum fusion. ", o275
Carbon fusion //2{
|Oxygen fusion
Neon fusion
agnesium
fusion
Silicon fusion
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Nuclear Burning and Stellar Evolution

O-ignition

Ne-ignition

C-ignition

%

He-ignition

e

H-ignition

A slowly contracting star
behaves like a classical ideal
gas:

T. o M?/3p¢/

Hydrogen burning phase is
characterized in terms of CNO
proton capture reactions.

Helium burning phase
corresponds to alpha capture
reactions.

Carbon burning phase is
related to C/O fusion and
capture reactions.
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Time Evolution of Nuclear Burning Phases !

22.0m

L et nicleer energy generation (burning plus neutrino losses) inerg g 57

het ruclear energy loss (burning plus neurrino losses) inerg g™ 57
< <0t

& (otal mass of the star (reduced by mass loss due (o stellar winds)

convective envelope (red superglant)

NN

 shell burning

o -2
logCtime 1 core callapse / 3r)

m Kippenhahn diagrams, i.e., stellar structure as a function of t.
1Boyes, Heger and Woosley, 2sn.org/stellarevolution/
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Time Evolution of Nuclear Burning Phases 2

-2 -
logCtime i core colepac / )

m Stellar structure in terms of 12C(«, vy) rate for a 25M,, star.

Stage reached Time scale Teore(10°K)  Density(g/cm?®)
H burning 7 x 10%y 0.06 5
He burning 5 x 10%y 0.23 7 x 10%
C/O burning 600y /6 months 0.93-2.3 2 x 10° — 1 x 107
Si melting 1d 4.1 3 x 107
Explosive burning 0.1-1s 1.2-7 varies

2Boyes, Heger and Woosley, 2sn.org/stellarevolution/
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Triple-Alpha Process
@ @
@ @

O Proton Y Gamma Ray

@ Neutron

3*He — 2C 0.6MeV/u

Competing with 12C(«,v) 6O reaction (poorly known with
20-30% uncertainty.

Ratio affects 12C /160 after He burning.
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CNO Cycle (Energy Production in Stars)

The CNO Cycle

S n
4 12, " ' 3\_ A T
zHar-O 5? W = g@
.
C-12actsas a a7
1% nuclear catalyst / \

_ Gl 13
H r__/?‘ vo b% e
o j 1
15, Q@ o e* eH
?N' < 1 W /
50

14 =<
:-“L( G- n /
.,n.—";\ ] —— L & ) §
o ‘v/ - %? — N C%; S
Koy = \ -~ ¥

The 2C nucleus
used in the first
reaction is
re-generated in
the last reaction.
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Reactions between Charged Particles

Coulomb potential )
Reactions occur through TUNNEL
EFFECT during quiescent burnings:
Bun~ KT (keV) (7 « B¢ ~ 2, 2,(MeV))

tunnel Astrphysical S(E) factor:
L effect
1
( ro - o(B) = sexp(-2m) S(E)
< ~——
nuclear well non—nuclear originnuClear origin

for s-wave only.

Energy available from thermal motion (kT ~ 8.6 x 10~8T(K) keV)
T~15x 107K (e.g.ourSun) kT ~1keV
T ~ 109K (BigBang) kT ~2 MeV
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Maximum Reaction Rate

8 \/2 1 oo E b
< OU >19= (Wulz) (T)372 Jo S(E) exp {—ﬁ ~gia dE,

J(E)

where b = \/2unZ, Z2/h. f(E) governs energy dependence.

df(E) _ (bkT\2/3
“ar =0 2 B=(%)
AEy<Ey

Only small energy range contributes to the reaction rate.
S(E) ~ S(Ep) = constant.
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v 1202t

Gamow Peak

For T ~ 1.5 x 107K

Reaction Coulomb barrier (MeV) EgkeV) exp(—3Ey/kT)AEy
p+p 0.55 5.9 7.0 x 1076
oa+12C 3.43 56 5.9 x 10756

160+160 14.07 237 2.5 x 107237

MAXWELL - BOLTZMANN
DISTRIBUTION

o« exp -E/KT)

_GAMOW PEAK
u

RELATIVE PROBABILITY

(2

7

TUNNELING
THROUGH

~~ COULOMB_BARRIER

scexp (VEG/E)

ENERGY

" KOREA UNIVERSITY
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12C(«,v) 6O Reaction

T um :
5 12,049 0
11520 2 12C/160 ratio after helium burning
S ¢ process affects evolution of heavy
. 12;5;: : starts - supernova or white dwarf.
0585 1
12 sen 2 Iz = 100 ppA
1 E..(MeV) o(pb) Rate (fusions/d)
_ 2.0 7500 4% 10°
e 1o L 2 1.0 36 2000
8838 5 0.5 0.03 2
T—T 0.3 0.0001 0.4
ISO
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12C(«,v) 6O Reaction

100
80

o

>

S 60

—

o

15

‘g 40

R

20
0

-y 120t

KOREA UNIVERSITY

Dyer et al. 197404

Kettner et al. 198208
Kremer et al. 198817
Ouellet et al. 199618

~~ Sadeghi et al. 20148
—— This work

4 o n

04 0.6 08 1(1 12 14 16 18 20
LIII (MCV)
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Measurement of Capture Gamma-Rays

Results from LUNA.

4 = 3.5 y
10 Eq jap = 3-500 MeV - 2 E, 1 = 1.850 MeV 0t
0 rebemanttisaatrapsimbitsrsmstoratfhsa o ot o g
Pt B i b
104
I\ - 24 | 48"
o b s MA\I hoipnnd N 2 o bt e e )
s ) PR S Sl g b
E pe
, A N A 60 | |
et ‘ﬂ’.“. g by ) .
10]
T st s 2 g
EANS Mansuanas anas e naat e anan saa )
£ 1 PRIV TR M*'Mmmmm\’\\ 5 2
S 104 H
" ~
et ' Litoubintinast) sty
10
ur
o eptnainds y {"’h o n"\‘ . . ndmku‘ st i pa
e f ol gt
, 2 120°
120
0y ’ . U . T ’/\\‘ y : o Jeuy MlumT Ll b b g g Sl d
109
N /‘ . 24 ' ‘ 130
A e i e o ‘MJ#-““"'-‘I*WU‘!“».W-,“‘UMM il
8.6 88 9 92 94 9.6 98 10 10.2 7.8 8 8.2 84 8.6 8.8 o 92 94
Energy (MeV) Energy (MeV)

gt
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Measurement of Recoil Nucleus

Tandem accelerator with a recoil spectrometer at Kyushu
University.

Beam buncher Beam chopper

v T

——8—0

<_‘ Tandem accelerator

Pre-acceleration §

0 1s0kv ©

Blow-In windowless ©

4He Gas Target i

7]

0 \ @

7]

s Sy g

D F1 (velqcity dispersion) ) =

Long Time Chopper 8

SNICS I F2 (mass dispersion) R &)
with pre-buncher S8D

L fedim]
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12C+12C

10 T T — T T T T T3
12 12 \ 1
17 C+ C .
107 F la 3
E |2 E|
E I3 k|
16| ® Patterson et al. (1969) ‘;% 1
10'°E = Mazarakis & Steph. (1973) g H -
E o High& Cujec(1977) e E|
e F & Rosales et al. (2003) 3 1
& r Kettner et al. (1990) 1
8 10" » Beckeretal (1981) ol
S E ;rlll«me eral (2007) 3
(] E o Dasmahapatra et al. (1982) 7
= ' o Aguileraetal. 4701)6 ]
a4 2 Barronetal. (200 =
o 10 E B romis (o8 1)
1 E o Satkowiak et dl. (1982) E
[ — Jiang et al. (2007) 1
13
107 3
12 |
10
1 OH L L L Y SR e |
0.1 1 10

E (MeV)
m Time scale for stellar C and O burning phases:
12C _|_12 C %20 Ne + o, 23Na +p) 23Mg +n
m_Different potential models lead to different extrapolations.

gy 11CiCH Sl .
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12C_|_ 12C

AN
T L T = presentwork |
10
10" H a channel o Barron-Palos etal. J
< Agullera et al.
I~ O Kettner etal.
S 107 | v High and Cujec
©
=
o 10" F
10" £
p channel
T 10"} 3
> | *?i ) (d
E' o L DDDf v
x
e ey
P
20 25 30

Recent data suggest strong but narrow resonance structure in
the 12C+12C reaction system, which may enhance the reaction
bstantially.
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Recoil Separator vs Gamma Ball

ERNA: y - recoil coincidences

Oxygen recails from *Cf(a.,y)"*O with ERNA

leaky 12 beam

content < 4 are suy

ol L 7 L 1
500 1000 1500 2000 2500 3000 3500 4000 900 1000

= Recoil separator provides a clear 'O tagging above E., > 1.4
MeV

m Below E.,, = 1.4 MeV, AE — E identification is not possible, a
larger acceptance is needed, and beam suppression
becomes more difficult.
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DIANA at the Homestake Sanford Lab

The DIANA (Dual lon Accelerator for Nuclear Astrophysics)
collaboration is awaiting a federal budget approval for final
design and construction of the experiment.
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Competing with DIANA?

Facility lon Source Accelerator Beam Currents (mA)
100 mA for p at 50 keV

DIANA 245 GHzECR Dynamitron 50 mA for 4He* at 50 keV
0.6 mA for 4He™ at 400 keV

High-intensity heavy ion beam and a He gas-jet target / a 12C
target.

4He(12C, )80 vs 12C(*He, v) 160

Beam induced background and robustness of solid targets.
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Optical Readout TPC

-
10.84 MeV v+ 2¢ — 12¢*(17) — a1 +8Be*(3.05)

X 440

N

el PMT (Time Projection)
& 3 E
E Ss0 £ O1 Horizontal
% E
b | g E ) o
= | Pa0 E oy Down
@ -
2 = £
£ 2 L
N 200 300 400 500 ¢
T . 1200 1400 1600
. X - Pixel (1.28 mm/pixel) Channel (10 nsec/channel)
s Leim] -
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Cosmic-ray Muon Radiography

Pl
E I
. ||||||I

g LU %

3 KOREA UNIVERSITY
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134Cs and 37Cs

137Cs from nuclear fission and 34 from 133Cs(n,y)!34Cs.
134Cs concentration in soil samples.

000 ~ 1o
604.7 keV (134Cs)
=™r e 100 - o8 | 794.7 kav (#ac)
Ac 134
2600 - 214B;j 795.6 keV (1*Cs)
| @ -

2500 - I l

) -. - ) M Iy - 60 -
w00 B | ) |
2300 I ]

200 - S Hi
Multiple Compton Scattering '
1 1 1 1 | 1
g0 6 B0 60 60 7o T 70 e 80 e 8% 60
Ereergy (kelV) Eneray (kev}
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134Cs and 137Cs

CC Fay OLFOLk OFAH} L=
g A=0| 7iEete? (Y T2 E'E o)
L=
b 662 kev
(13?C5)
10%
oL
7 1461 keV (“0K)
102
102
10
'a zcjm 4]DCI sclxj 3|:I>o lDlDD 1200 1400 1800 1800
A Sncrgy (ko)
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134Cs in Rainwater Samples

1311 134Cs and *¥Cs in Rainwater Sample

137Cs from FI‘SSlOI’] 134Cs from 133Cs(n,y)134Cs

| | N L [ I
! 590 800 &10 620 B30 &40 650 680 670

FRETS O
]'E! ['H = ﬂ Jung Keun Ahn — SARF — Page 23 of 24

“ KOREA UNIVERSITY - - oh“mlr

n & ucleor Phyrics Lot




Summary

Heavy-ion accelerator facility with a 18-GHz ECR ion
sourcel!

Cosmic-ray muon radiography!
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