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The concept for the above figure originated in a 1986 paper by Michael Turner.




Nuclear Astrophysics
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Provide energy for stars to resist gravitational contraction, and act
the only mechanism for the synthesis of all elements (except hydrogen) in the universe

The cutting-edge interdisciplinary field between micro nuclear physics
and cosmic astrophysics, to explain the origin and evolution of cosmic elements, the
generation and evolution of stellar energy, etc.

Nuclear mass, half-life, reaction cross section (or reaction rate), etc.



Nuclear Astrophysics
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Nuclear Astrophysics

Cross section o

in i I
dt - E_NJKJYJ' * 2 Nj,kpNA <oV > jk,i YJYk
, T g

I / 2
y l 27V ‘ ‘ 2 J
]9 ’

Decay half-life t = 1/A reaction rate <ov>



NP-Input: Reaction rate

@® Definition of reaction rate:
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® Gamow peak

The most effective energy region
for nuclear burning (or reactions)

Peak location:

E, =EGM3(kT/2)2/3
=1.22(2,2Z,2uT:?)Y/3 [keV]

with u=A;xA,/(A+A,) [amu]

1/e width:
AE,= 4/3Y2 (E,kT)Y/2 [keV]
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Relative probability

1\ Maxwell-Boltzmann distribution
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Today’s topic

The first stars (also called as the first
generation stars, primordial stars,
or Pop lll stars)



James Webb Space Telescope (JWST)

It is jointly developed by the NASA, the  + °
European Space Agency (ESA) and the

Canadian Space Agency (CSA). The main mirror _¢
has an effective aperture of 6.5 meters and is lge—
composed of 18 hexagonal mirrors. The cost
exceeds S10 billion and takes about 25 years.

The gold-plated surface of the Webb telescope

is eye-catching and is referred to as the "golden

eye" by the press.
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James Webb Space Telescope (JWST)

.
® JWST: Directly observe the first stars, seeing back into the cosmos

According to the standard cosmology
theory, during 380,000 to 150 million
years after the Big Bang, there were
no luminous objects during the so-
called "Dark Age". After that, the first
generation stars formed, and the first
generation galaxies formed about 1
billion years later. One of the major :
scientific objectives of the Webb [l
telescope is to study the "first rays of .
dawn" emitted by the first generation
stars and galaxies in the universe.

Seeing back into the cosmos
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The oldest star in the universe
e
@® Oldest star: S.C. Keller et al., Nature 506(2014)463

SMSS0318-6708

3 ~6000 light year from Earth, formed 13.7 billion years ago,
B shortly after the Big Bang. It’s the oldest star yet found.
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The oldest star in the universe
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® Supernova burst of a 60 M., first star

® After explosion, the outer light elements being ejected and the inner
heavy elements being fallen back onto the central black hole

® Ca produced by breakout reactions from the HCNO cycle



The oldest star in the universe

® Abundances of light nuclides @BBN ashes
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A. Coc et al., Astrophys. J. 744(2012)158



The oldest star in the universe

® Nucleosynthesis process @First stars :

First stars begin their lives with primordial composition and begin
hydrogen burning via pp chains and contract until central temperature
is high enough (~0.1 GK) to ignite the 3a-process. This bridges the mass
5 and mass 8 gaps, such that a small amount of CNO catalyst is formed,
X(*2C) ~ 10, which can kickstart the CNO cycle.
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R.J. deBoer et al., Phys. Rev. C 103(2021)055815



The oldest known star in the universe

Competition between
@
Breakout from CNO cycle _ = 19F(p.y)Ne

\ 1 19 ( )16
@ (».1) o e_g(p,n“ - & Recycling °F(p, )10
| TN — Comeen Their rate ratio determines
) (I) ([;"{,) @ (i Y :IH; < CNO cyele III
ey~ ONOsele the breakout flux
13N 150 nF ~g---» Breakout
107,
1 : NACRE (p,7)/ NACRE (p,o. ]
(p. {)T (f”V) (]t 9 i :: an]cr'fs((p,::)rFm-lcr'(fS(p),a) i
®-0:-0 @ @ Q
(p.c) % 107
_ T (p,) I
0o | : 3/10,000
PO N S G &
107:) I 0_|15 0.2
T (GK)

Model calc.: If reaction rate ratio of (p,y)/(p,c) could be enhanced
by 7 times or more, then Ca problem can be solved! Two reactions

need to be measured directly.
O. Clarkson, F. Herwig, Mon. Not. R. Astron. Soc. 500(2021)2685



l. Status of °F(p,y)?°Ne reaction

® @Notre Dame Univ.

Ep=356keV
PHYSICAL REVIEW C 77, 015802 (2008) . a -
, N F+p 7.117
Measurement of the "”F(p, y)""Ne reaction and interference terms from E.,, = 200-760 keV (0=12.844MeV) 2" 6.917
A. Couture,” M. Beard, M. Couder, J. Gérres, L. Lamm, P. J. LeBlanc, H. Y. Lee,” S. O’Brien, A. Palumbo, R EX 6.130
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Coinc. technique can
suppress the bk by
10,000 times!

A. Couture et al., Phys. Rev. C 77(2008)015802



l. Status of °F(p,y)?°Ne reaction

e
®
® @Notre Dame Univ.
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TABLE I. Measured resonance parameters.

r, V) r, v) Iy, (V) I' (keV)

Erem =213keV J™ =2~

Present 0.890'35.2  0.01170093 8821340

(p.@234)°  0.9440.02 - = 1000
Epom =323 keV J® = 1%
I (keV) r, (V) I, (eV) T, (eV)
Present 2.084+0.34 358735 01077003 1971735,
(p, po)* 2.8 45 = -
(p. P 2.8 — — =
(P, n)*° - 0.28+0.06 —

(p, @234)  2.2240.04 - - 2800



l. Status of °F(p,y)?°Ne reaction

® Recent evaluation
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PHYSICAL REVIEW C 103, 055815 (2021)

YF(p, y)**Ne and "“F(p, ) '°0 reaction rates and their effect on calcium production
in Population III stars from hot CNO breakout

Center of Mass Energy (MeV)

R.J. deBoer
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The newly evaluated °F(p,y)?°Ne rate is ~4 times smaller than
that of NACRE value, which makes the Ca problem even worse!

R.J. deBoer et al., Phys. Rev. C 103(2021)055815



Il. Status of 1°F(p,0)10 reaction

® Level scheme

340.46
237.5
224.99
11. 6 Ex(MeV)
19F+p 7.117
_ 6.917
(Q=12.845MeV) o
Channel: 0-049
® (paa0)
® (p,o,)
® (pia'y) 16O +al
20N @ (Q=4.731MeV)

J.J. He et al., Sci. China-Phys.

Mech. Astron. 59 (2016) 652001



Il. Status of 1°F(p,0)10 reaction

® Status & goal
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Gamow window (70 ~ 350 keV)

No expt data in energy region of 70~200 keV (o ~ 1012 b @70 keV),
difficult to access in the above-ground lab.

J.J. He et al., Sci. China-Phys. Mech. Astron. 59 (2016) 652001



Challenge & Strategy

@® Low background

@ Intense beam

@ Strong target

@® High detection efficiency



Advantage of underground y detection

O®LUNA @Gran Sasso, Italy
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counts
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] v Ev[keV] ) 1
:; Under Ground
grea Advantage:
1;4 Deep underground Lab can reduce
1,606 | | | 1 | |the background of y-rays caused by
T ke " | cosmic-rays by over 10,000 times!
The impact of thermal neutron flow
will also be reduced by 1000 times!

C. Broggini et al., Annu. Rev. Nucl. Part. Sci., 60(2010)53



LUNA achievements
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China Jinping Underground Lab(CJPL)
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China Jinping Underground Lab(CJPL)

Comparison of wold underground laboratory
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Jinping Underground laboratory for
Nuclear Astrophysis (JUNA) project
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The JUNA project

(Jinping Underground laboratory for Nuclear Astrophysics)
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Facility comparison

. jUNA I: 400 kv _ — tAl::I:,:::Ieration
| JLeiE ' el G Beam analyze
Detector
Cosmic u bkg Beam energy (keV) Intensity (emA)
(cm=2s1) H+ He* HeZ* H* He* HeZ*
LUNA 2x108 50-400 | 50-400 --- 0.3~1 0.3~0.8 ---
100-
-9 - _—— _—
CASPAR 4x10 100-1000 1000 0.1 0.1

JUNA 2x10-10 50-400 50-400 100-800 10

Q. Wu, LT. Sun et al., NIMA 830(2016)214



R&D stable 1°F implanted targets

) <« 3mm — Atom Probe Tomography, APT
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LY. Zhang, SW. Xu, J.J. He* et al., NIMB 438 (2019) 48
LY. Zhang, Y.J. Chen, J.J. He* et al., NIMB 496 (2021) 9



JUNA experiment campaign




JUNA experiment campaign

B
® Experimental setup

LN, Dewar

BGO array and PMT Cu shroud

Apertures

Cu +Pb + Cd Shield

® 4rn BGO y-ray array

Cooling tube

.............

LUNA— ¥

Energy resolution(%)

.............

v-ray @6130 keV
Resol.: ~6%, Effic.: ~60%



JUNA experiment campaign

.
® Advantage of underground lab
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LY. Zhang, J. Su, J.J. He* et al., Phys. Rev. Lett. 127(2021)152702



JUNA measurement of 1°F(p,oy)1eO
.
® Typlcal y-ray spectra (Contamlnatlon 11B, 13C, 180, D)

Counts / 150 keV
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LY. Zhang, J. Su, J.J. He* et al., Phys. Rev. Lett. 127(2021)152702

LY. Zhang et al., Phys. Rev. C



JUNA measurement of 1°F(p,oy)1eO

I
® Lowest energy achieved

Energy point: E.., =72.4 keV; Beam current: ~1 mA

Machine Time: 46.5 h; Challenge: deuteron contam.

Net counts: 30 + 26 (80% err)

106 = — “F target 4032H(p’Y)3He
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10 = 20F
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100 (9 T B8 eV L P
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E, (keV)
LY. Zhang, J. Su, J.J. He* et al., Phys. Rev. Lett. 127(2021)152702



JUNA measurement of 1°F(p,oy)1eO

e
® y-ray yields R-matrix fit
(by deBoer & Wiescher)
10¢ —m——-/—"/-—"—"77@m-—-—-+———yy7—
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GEANT4 simulation
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LY. Zhang, J. Su, J.J. He* et al., Phys. Rev. Lett. 127(2021)152702



JUNA measurement of 1°F(p,oy)1eO

-
@ Astrophysical S factor: S(£) = Eo(E)exp(2nn)
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@ Lowest energy region achieved
@ Firstly covering full AGB Gamow window
€ Expt data differ significantly with predictions

LY. Zhang, J. Su, J.J. He* et al., Phys. Rev. Lett. 127(2021)152702
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@® Reaction rate
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T,

Our JUNA rate deviates significantly from the previous expectations
by a factor of 0.2-1.3, and the associated uncertainties are reduced
remarkably. At 0.1 GK, the uncertainty is reduced to about 10%.

LY. Zhang, J. Su, J.J. He* et al., Phys. Rev. Lett. 127(2021)152702
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Pinning Down the Fate of

Fluorine

The first results from the Jinping Underground Nuclear Astrophysics
particle accelerator refine a key reaction rate for the destruction of

fluorine in stars.

By Christopher Crockett

he origin of fluorine is puzzling. The element
is absent in the main nuclear reactions in stars, making it
| hard to figure out how it is formed. Fluorine is also easily

destroyed by run-ins with protons and helium nuclei,
destructive reactions whose contributions to fluorine’s lifecycle
have yet to be pinned down because of difficulties in measuring
the requisite reaction rates. A new particle accelerator in China
could help in solving that problem, as its first results provide
sharply reduced uncertainties in one fluorine reaction, fluorine
atoms and protons convert to oxygen and helium atoms and
gamma rays [1]. While many of the details of fluorine’s origin
and fate remain a mystery, these new reaction rates will help
refine ongoing calculations of this element’s abundance in the
cosmos.

Credit- ARS/Carin Cain

The Jinping Underground Nuclear Astrophysics (JUNA)
experimental facility is a recent addition to the deepest
operational particle physics lab in the world. Sitting beneath
2400 meters of rock, JUNA's accelerator is well shielded from
the cosmic rays that have hindered other attempts to directly
measure a particular transformation of fluorine to oxygen at the
proton energies relevant to the interiors of stars.

For their inaugural experiment, researchers bombarded two
fluorine targets with proton beams that had energies as a low as
76.2 keV—an unprecedently small value—and recorded the
ensuing shower of gamma rays. From those measurements,
they calculated that fluorine converts to oxygen via this reaction
channel at a rate ranging fram 1.23 x 10~ cm’s~'mol ! to
1.29 % 10*% em?s~ mol ! depending on the reaction
temperature, Over the temperature range of interest to
astrophysics, the error in the measurements was below 10%,
down from orders of magnitude, because of the ultralow
cosmic-ray background and high intensity of the proton beam

Christopher Crockett is a freelance writer based in Arlington,
Virginia.
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Role of (p,ay) & (p,0,) channels
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Conclusion:

In the region of 50 ~ 200 keV, (p,0,) dominates the total cross
section and hence the rate (< 0.12 GK) !

LY. Zhang et al., Phys. Rev. C



New aboveground 19F(p, )10 expt

N
@Hefei, China
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Around 100 keV region, no obvious resonance peak was observed!

In progress...
Y.J. Chen et al., NIMA (2023)



JUNA measurement of 19F(p,y)?°Ne

One-day campaign: Jan. 24~25, 2021

Proton beam current: ~1 mA (JUNA)

Beam current 1 mA 20 UA
Detector BGO HPGe+Nal
Det. efficiency 60% ?

(@Ey =6 MeV)

._,‘w‘n

J inbing Gamma Tube (JGT, ﬁﬂﬂ%)

One-day @JUNA equiv. to hundred days @ND!



JUNA measurement of 19F(p,y)?°Ne

® Summed y-ray spectra &

coincidence spectra
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JUNA measurement of 19F(p,y)?°Ne

® A new resonance!
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® Measured down to the lowest energy of E.,, =186 keV
® Observed a new resonance at 225 keV for the first time



JUNA measurement of 19F(p,y)?°Ne

Table 1| Relevant resonance strengths wy,,,

WY, (MeV)
Ecow E,(MeV) J° Present NACRE® ANC I (&) 1 (eV)
(keV) (fm™?) ‘
-448  12.396(4F 1 15b 60'40  <3.4
11 12.855(4)* 1* 114x1072%8¢ _590338 <4.8

212.7(10) 13.057 27 <4.2x107° <1.3(13)
x107°

2252(10) 13.069 3~ 4.19(33)x107
3239 13168(2° 1 3.16(33) 5(3)

Values are determined for the °F(p, y)**Ne reaction (with total errors listed in parentheses).
R-matrix fit parameters are tabulated, including sub-threshold and near-threshold 11-keV
resonances as shown in Fig. 1b. The fit includes the additional levels and from ref.® as fixed

background terms. See Methods for details.
E, values fixed to those determined in previous analyses are indicated by: ®ref.®°, Pref.®, °ref. %,

where the corresponding uncertainties are adopted.




JUNA measurement of 19F(p,y)?°Ne

® Astrophysical S factor:

S(E) = Eo(E)exp(2mn) R-matrix calculations

DeBoer, Wiescher, Odell
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JUNA measurement of 19F(p,y)?°Ne

® New reaction rate:

® 7.4 times larger than previous
estimation at 0.1 GK; 200 times
larger around 0.01 GK

@ 3 times more precise at 0.1 GK
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JUNA measurement of 19F(p,y)?°Ne

® A. Heger’s model calculations
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Fig. 4 |Ratio offinal abundances of using our JUNAmean *F(p, y)rate
compared tousing the NACRE>meanrate. Both use the NACRE meanF(p, a)

Astrophysical implications:

€ Reproduce the observed 4°Ca abundance, and verified the hypothesis that
calcium comes from a key breakout reaction of CNO cycle, revealing the
origin of calcium in the first stars.

@ Support the faint supernova model
LY. Zhang, J.J. He*, R.J. DeBoer, M. Wiescher* et al., Nature 610(2022)656



JUNA measurement of 19F(p,y)?°Ne
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Measurement of ’F(p, y)?°Ne reaction suggests CNO
breakout in first stars
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'An underground route to grasping
the Milky Way’s oldest stars

Nuclear-fusion experiments performed deep under Earth’s surface reveal one
possible scenario that could have resulted in the chemical abundances foundinan
ancient star in the Milky Way.

Marco Pignatari & & Athanasios Psaltis &
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JUNA measurement of 19F(p,y)?°Ne

.
® Relative measurement to:
(p,ay) strength of 323-keV resonance wy, ) = 23.1£0.9 eV (3.9%)
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Remarks

® \We measured the 1°F(p,ay)1e0 cross section down
to ~70 keV at JUNA, covering the full Gamow

window of astrophysics interests.

® New and precise reaction rate was determined
based on the solid experimental ground.

® In the 50 ~ 200 keV region, (p,0,) dominates the
total cross section and hence the rate below 0.12
GK! This channel still needs future experimental
Investigations.



About 19F(p,a,)t€0
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About 1F(p,0,)1°0

® Lombardo et al.'s direct measurements
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About 19F(p,o,)1°0
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About 1F(p,0,)1°0

® THM & Direct measurement

60' - == > - - -
, = == = ===
o =5 2% 8 523
[ <t = o = o S R
B Pl
—
— 40|
> F | ‘\
-— (|
-
2. |
= ‘ 1 |4 ‘+ ‘H+ .
E 20 . §4_ /
' '*%444%;5}#
10 —
3.0 0.2 0.4 0.6 0.8 1.0

Ec..m. (MeV)

l. Indelicato et al., Astrophys. J. 845(2017)19



+

4

® EIRFARIM, %ﬂ]xl CNOEIADBYF (p,y)2'Ne 3803 52
N HEIF 2186 keVBEX, FF Il 5 — ™MIF225 keVBIYF

FE?JE?‘SO

® P AKLUNACREHEGENB AES, £0.1 GKIEE
KN K4.7~7.5(8, 10.01 GKmF RNK2002515, ANIBE
E b2 BIIBICIMNE/ NG I T EE N,

® %T_ﬁfﬁﬂjfirﬁ *% J'ﬁﬂﬁETLJ}A “ ” CNOTFS—HQ

D—/\iﬁaﬁieﬁ%ﬁﬁ EZQJMEEW‘E\@JBU HA,
oSS ﬁ\‘@%CJCa’%ﬁ$Eﬂ—:R, SRS RSN
fiEPop 1B £ BV 958BHT 2 /E M R EL ﬁ?jHEBf\TE
EHIRIR,

® i — S RAEEWIIRKIWSTNFEREREEEEN
M= 2200,

RS




ABHPNFT&ERE0)R

7\(35315:35551
SHRYOENN . Z=1.7~2.0%
HES . Z7=1.8%

2009 7B : Z=1.3%

Borexino Collab., Nature 562(2018)505
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Finally, the Borexino measurements can be used to test the predic-
tions of SSMs with different metallicity. Indeed, the assumed metal-
licity determines the opacity of solar plasma and, as a consequence,
regulates the central temperature of the Sun and the branching ratios
of the different pp-chain terminations. To perform this test, we use
only the results for “Be and ®B neutrinos, whose fluxes are very dif-
ferent in the HZ- and the 1L.Z-SSM theoretical predictions (differences
of 9% and 18%, respectively). Figure 4 shows the results of Borexino
(green-shaded ellipse), together with the predictions for the HZ- and
LZ-SSMs!® (red- and blue-shaded ellipses, respectively). Note that the
errors in the Borexino measurements are in both cases smaller than the
theoretical uncertainties. The theoretical error budget is dominated by
uncertainties on the astrophysical factor S34 of the ’He + *He reaction,
on the opacity of the Sun, and on the astrophysical factor S;7 of the
p + 'Be reaction as discussed in ref. '®.

8/19



Sy, [keV b]

Astrop hyzical 5-factor {M eV barn)

REARA

HPMHT&ERE

RIVR. BF. 6k

' Present fit
Neff (2011) - - -
0.6 3He((x,,'Y)7Be Weizmann Inst. }2004; ——
= T LUNA (2006) —B— 7
- Seattle (2007)
ERNA (2009) +—e—
TR Madrid (2012) —&—
— Notre Dame (2013) +—v—
ATOMKI (2013) +—e—
05 L Present work +—a—i |
0.4 Sun Big Bang
Tg=0.016
0.3 { B
0.01 0.1 il
E [MeV]
m =
1® O 7 LLUTNA 1908
o B HKmuex ctal (1987)
16 [ & Dwarakansth et al (1971)
E —  LUNA{1998)Barc Nucki Fit
14 = —  LUMA{190R)S hielded Muck=i Fit
il IHe(3 4
wh He(He,2p)*He
™
[ %, |
B — e
C -3
s [ T ; = Teo g
4 & | G EEiz
2 [
D :I 1 1 1 1 1 11 I 1 1 1 1 1 1 11 I
10 w’ 1w’

Center Ma= Encrgy (keV)

Sy7 [eVb]

+

icx
B

/7|<'|;H_j; > Eﬁgﬂ{i‘%

REUKS

60 R
——— SF-I1 (2011) %
50  —<— Filippone et al. (1983) &
—l— Hammache ef al. (2001) i
i <.>
40 - m Junghans et al. BE1 (2002) | N
Junghans et al. BE3 (2002) s}
Present work ; !
30 | f -
T g
20 F i -.T.':},
¢ e L i)
10 - 7 3 =
Be(p,y)®B
0 ol ' ' ' ' ' MR |
102 107! 10°
E [MeV]
’ Lamb & Hester (o) ' ' ' ' '
L = 1 astar
7l ¥ Schroderetal (g1) 14N(p )150
- MACRFE axtrapolation 1999 (79) 9Y iy
- < LUNA data 2004 (29) (solid target) 1
& — — LUNA extrapolation 2004 (30) =
| & TUML data 2005 (900 I
& LUNA data 2006 (21) (gas target) {
5 A)I—
1 du
= 4 g} -
=
g I o
Wy El - e = EE ./_.,I —
2 l? ; = _
| — — = I l F . fi— E—I_ I i
1= -]
i M Gamow peak |
0 1 1 I L I L I 1
i) 50 100 150 200
Ecp (keV)



(p.v) (p,o) P.v)
e - — F

_—
- CNOcyclel
~¢—— CNOcyclell
~st—— CNO cycle III
~¢— CNOcycle IV

(e'v)

B SR Breakout

Y

@ (p»Y) (p>Y) >®
(p,a) I O

(p,o)

M. Wiescher et al., Annu. Rev. Nucl. Part. Sci. 60 (2010) 381



AR E
BF(p,y)*°Ne

(R-matrixit8, DeBoer & Wiescherss A )

1

10 E 1 | | | 3

- 225 keV 19 20 :

[ y F(p,y,)” Ne 1

0

10°F o E

—_ C i

- - 213 keV ¢ .

= f M :

f— B : |11 A

| ] r

8 2 - | =

Q R’ = —

S 10k z

- - + Couture data .

3 i o JUNA data )

10" = ---- R-matrix fit to Couture data =

E —— Near threshold state, fixed proton width 3

E- —— Near threshold state, free proton width ]

- —— Near threshold state and external capture 1

-4 1 | 1 ] 1 | 1 | 1 | 1 ] 1
100.157 020 025 030 035 040 045 050
E__ (MeV)

R.J. deBoer ef al., PRC103(2021)055815



Yield

TSR E

214-keVHRIRNTIE (5~10%)

T.0E+04 ¢
i e Exp
w2 14)/ oy (226)=0
— = op214)/0y(225)=1%
1.0E+03 +
E mmmme @Y(214)/wy,(225)=5%
mmmm=@y(214)/027,(225)=10%

1.0E+02 T

1.0E+01 t

1.0E+00 1

1.0E-01 4

1 Di“Dz T T T T T T T T T
200 220 240 260 280 300 320 340 360 380 400




Scientific motivation
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Scientific motivation 7
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phenomenon. Nucleosynthesis model needs precise cross section data
relevant to 1°F production and destruction reactions.

/%0




JUNA

Scientific motivation

Production:
30(p, Y)PF
15N(oL, 7)!°F
4N (oL, 7)!8F
14C(aL, 7)130

Destruction:
19F (oL, p)22Ne

“F(p, v)*’Ne
“F(a., 7)*’Na




Scientific motivation

BF(p,a)1°0 + 8.11 MeV

—>

"F+p
(Q=12.845M¢eV)

Channel:

® (Paao)

® (p,o.,) O+
(Q=4.731MeV)
® (p,ay)




Scientific motivation
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First stars: Hydron burning
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First stars: Hydron burning

triple-a process produce 12C and CNO cycles started
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Hydrogen or silicon burning?

charge number

Ca can be produced during hydrogen burning via
proton capture reactions (no iron produced)

24 1

21 A

r—12

14

r—16

L 18 https://cococubed.com/images/astro101/massive_star_onion.pn

Ca can also be produced in the Si shell, and

9 12 15 18 21 24 27
neutron number

ejected together with iron via supernova burst

Observe the elemental abundance of first stars



Our Sun
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Possible sources of Fluorine

@ Core-collapse SN (v-spallation on 29Ne)
Woosley & Haxton, Nature 334, 45 (1988)

@ Wolf-Rayet star — Helium burning
Meynet & Arnould, A&A 355, 176 (2000)

@ AGB star — Helium shell burning (observed)
A. Jorissen et al., A&A 261, 164 (1992)



Key reactions relevant to '°F

A

F production:
1 15N(a, v)1°F
1 14N(a, v)'8F

F destruction:
@ °F(p, a)1€0
L1 ¥F(a, p)**Ne
1 ®F(p, v)*°Ne
1 ¥F(a, y)*°Na

where,

{4: This JUNA work
[1: Future plan




Possible sources of Fluorine

@ Core-collapse SN (v-spallation on 29Ne)
Woosley & Haxton, Nature 334, 45 (1988)

@ Wolf-Rayet star — Helium burning
Meynet & Arnould, A&A 355, 176 (2000)

@ AGB star — Helium shell burning (observed)
A. Jorissen et al., A&A 261, 164 (1992)



Fluorine overabundance

in AGB stars
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Standard AGB models cannot explain the observed F overabundance
phenomenon. Nucleosynthesis model needs precise cross section
data relevant to 1°F production and destruction reactions.

M. Lugaro et al., ApJ 615 (2004) 934



Origin of Elements in the Cosmos

The Cosmic Dark Age T " v . 3 ? ;
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C.E. Sagan: We are made of star stuff.



l. Status of °F(p,y)?°Ne reaction

® @Notre Dame Univ.
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TABLE I. Measured resonance parameters.
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