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™ The solar abundance problem:
Contradiction between solar abundances and helioseismology
New, 3-dimensional models of the photosphere lead to lower derived elemental abundances:
1D: 2.29% (by mass) of the Sun are “metals” (Li...U)
3D: 1.78% (by mass) of the Sun are “metals” (Li...U)
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My guiding questions today: -

1. Can solar neutrinos address this
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discrepancy? 0.8 1.0
2. Is the quality of the nuclear R/R@ A. Serenelli 2011

physics input data good enough poN

for this task? ) Ml

Mitglied der Helmholtz-Gemeinschaft

Daniel Bemmerer | Nuclear reactions and solar neutrinos | Bad Honnef, 23.01.2013 | http://www.hzdr.de



Nuclear reactions, solar neutrinos, and the importance of the CNO cycle

1. Which nuclear reactions take place in the Sun?
2. Can solar neutrinos address the solar abundance problem?
3. The nuclear physics of the proton-proton chain (pp chain)

4. The nuclear physics of the carbon-nitrogen-oxygen cycle (CNO cycle)

5. The science case for new underground accelerators
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- The proton proton chaln (pp Chaln) of hydrogen burning
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. The carbon-nitrogen-oxygen (CNO) cycle of hydrogen burning
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Nuclear reactions, solar neutrinos, and the importance of the CNO cycle

1.  Which nuclear reactions take place in the Sun?
2. Can solar neutrinos address the solar abundance problem?
3. The nuclear physics of the proton-proton chain (pp chain)

4. The nuclear physics of the carbon-nitrogen-oxygen cycle (CNO cycle)

5. The science case for new underground accelerators
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™ Solar neutrino fluxes: Data and model predictions

R I R e e e et -3.0
® Data I Antonelii et al., 1208.1356
e 7 HIP GS98 = Old, high CNO
' elemental abundances
@ AGSS09 = New, low CNO
S I elemental abundances
o
.E. 7Be BB 13N 150
X
=
L
1.0——E,§ —————————— i ————————————— T —+1.0
0.9F----- - - oo o —+0.9
0.8F------ oo m e s —0.8
(1 R T eI - ----107
103 T T T T T T T
102 Serenelli et al. 2011

pp[0.6%] Solar Neutrino Spectra (+10) 3

+ Be, 8B: Data more precise than the models o

+ BN, 30: No data yet, but models are not very precise "”'I“v‘Pez[f”%]
| 1 ‘I

I \

Flux (cm™s™)

+ Need smaller error bars for the models!

soumd vovd voomd sl vvumd voomd sl vvumd ool sl vuud

Slide 7 : : 0.1 0.2 0.5 1.0 2.0 5.0 10.0  20.0
Daniel Bemmerer | Nuclear reactions and solar Neutrino Energy in MeV




I What drives the uncertainties in the predicted fluxes?

Nuclear reaction rates
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Antonelli et al., 1208.1356

+ Nuclear reaction rates are the largest
contributor to the uncertainty! -~
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& Using CNO neutrinos to measure the C+N abundance
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o “Mainstream” recommended cross sections:
Adelberger et al., Rev. Mod. Phys. 83, 195 (2011) “Solar Fusion II”

REVIEW OF MODERN PHYSICS, VOLUME 83, JANUARY-MARCH 2011
Solar fusion cross sections. Il. The pp chain and CNO cycles

E.G. Adelberger, A. Garcia, R. G. Hamish Robertson, and K. A. Snover

Department of Physics and Center for Experimental Nuclear Physics and Astrophysics,
University of Washington, Seattle, Washington 98195, USA

+ Workshop at INT Seattle (2009)

A.B. Balantekin, K. Heeger, and M. J. Ramsey-Musolf

Department of Physics, University of Wisconsin, Madison, Wisconsin 53706, USA +« La rge Community involvement

D. Bemmerer and A. Junghans + Recommended cross section factors
Forschungszentrum Dresden-Rossendorf, D-01314 Dresden, Germany and unce rtainties

C.A. Bertulani

Department of &

Commerce, Te

TABLE 1. The Solar Fusion II recommended values for S(0), its derivatives, and related quantities, and for the resulting uncertainties on
S(E) in the region of the solar Gamow peak—the most probable reaction energy—defined for a temperature of 1.55 X 107 K characteristic of
the Sun’s center. See the text for detailed discussions of the range of validity for each S(E). Also see Sec. VIII for recommended values of
CNO electron-capture rates, Sec. XI.B for other CNO S factors, and Sec. X for the 8B neutrino spectral shape. Quoted uncertainties are 1o

J.-W. Chen

Department of
and Particle As
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H. Costantini Reaction Section (keVb) (b) (b/keV) uncertainty (%)
Universita digd  Pp.ev.)d I (4.01 = 0.04) X 10°22 (4.49 + 0.05) X 1072 “s 0.9

d(p, y/He v (2.147317y x 1074 (5567018 % 107 (9.3739) x 107° +7.1°2
M. Couder, E.}  3He(*He, 2p)*He \ (5.21 £0.27) X 10° —49+32 (22+17)x 1072 e e
Department of § | 3He(*He, y)"Be VI 0.56 + 0.03 (=3.6+0.2) x1074° (0.151 + 0.008) X 1076 © +5.1
Nolie Deme, Il S =% e VIl (8.6 = 2.6) X 10720 e . +30
R. Cyburt "Be(e”, v,)'Li Vi See Eq. (40) . ... 0 d
JINA and Natio] ~ P(pe”, ve)d il See Eq. (46) o L 1o
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Nuclear reactions, solar neutrinos, and the importance of the CNO cycle

1.  Which nuclear reactions take place in the Sun?
2. Can solar neutrinos address the solar abundance problem?
3. The nuclear physics of the proton-proton chain (pp chain)

4. The nuclear physics of the carbon-nitrogen-oxygen cycle (CNO cycle)

5. The science case for new underground accelerators
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i "Be and 8B neutrinos and the proton-proton chain: S;, = 3He(a,y)’Be
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. Nuclear reaction cross section o for low-energy charged particles

« Typical Coulomb barrier height : ~ MeV

Fast
A incoming + Typical stellar temperature kg * T ~ keV
particle
— The energy dependence of the cross section is
dominated by the tunneling probability.
- Slow 1
g ¢ incoming
G particle Definition of the
-% astrophysical S-factor S(E):
© 0.5
o 2
> | o(E) =-exp YA i
Radius E 1772 2E
Nucleus 1
Thermal neutron capture: ~1 barn < » Charged-particle capture at

astrophysical energies: o ~ 1 nanobarn

wn ) rMem
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i At which energies do the reactions take place in a plasma?

Astrophysical reaction rate:
Integral under the red curve

Njlov) = sz,/j%(kT)*/2 / o(E)E exp(—E/kT)dE

Gamow
peak

Maxwell-
Boltzmann
distribution

Cross section
(linear scale)

20

0 10
Scenario Reaction Es[keV] | o [barn] | Detected events/
hour
Sun (16 MK) 3He(a,y)’Be | 23 1017 109
“N(p,y)1°O 28 10-1° 10-M
AGB stars (80 MK) | "“N(p,y)'°O 81 1012 104
Big bang (300 MK) | 3He(a.,y)’'Be | 160 10° 101
2H(c,y)BLi 96 10-M 103
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i YES, direct measurements are possible!
LUNA 0.05 MV accelerator, 1992-2001

« 50 kV accelerator deep underground

» Direct experimental data ruled out a possible nuclear solution for the solar neutrino problem
« Solar Gamow peak covered with data

3He(3He,2p)*He cross section, at the branch between pp-chains | and |l

10°°
O  Dwarakanath et al. 1971
1078 <&  Krauss et al. 1987
A LUNA 1998-1999 <&
-7
10 V  Kudomi et al. 2004 MQA"
-8
_ 10 Qv@ | LUNA 50 kV
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i LUNA laboratory at Gran Sasso / Italy today

£ ‘/‘ 2 ‘,44
’ Z & p‘

LUNA-MV, /7

planned ~140 km from Rome
Easy access (motorway)

1992-2001

~1400 m rock 108 p-reduction  10° n-reduction
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The LUNA 0.4 MV accelerator deep underground
‘ W= W | T ] LuNA=Laboratory

‘H' Ml Underground for

Nuclear Astrophysics

- ltaly

- Germany (Bochum, Dresden)
- Hungary

LUNA approach:
Measure nuclear reaction cross sections |
at or near the relevant energies
(= Gamow peak), using
* high beam intensity
* low background
e great patience
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. 3He(a,y)’Be experiment at LUNA (activation and prompt-y technique)
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. SHe(a,y)’Be at LUNA, "Be activation spectra
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. SHe(a,y)’Be at LUNA, systematic uncertainty

*He* beam
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. 3He(a.,y)’Be reaction, S-factor results from LUNA and others

0.6
0.5
0.4 V¥ Nara Singh et al. 2004 (activation) y
A LUNA 2006 (activation) @
A .
= LUNA 2007 (prompt-g.amrna) %
§ B  Brown et al. 2007 (activation) i
~ 034 O dilevaetal 2009 (recoil) Nuclear physics input
2 € Carmona-Gallardo et al. 2012 (activation) for 8B neutrino flux Dg:
) Solar Fusion Cross Sections Il recommendation (2011)
= == Neff 2011 (ab initio) Jln®
0.2+ : B
Reaction NG ADg/ Dy
1 Sun, 16 MK Big Bang, 300-900 MK 3He(3He 2p)4He -0.43 1.8%
| HetwiyBe | 085[ 7.6% |5
! "Be(p,y)¢B 1.00 | 7.7%
0.0 ] : } ] | : : e ! } >
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Further improvements require a comprehensive data set
covering both low and high energies with one technique.
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i Byproduct: The Spite abundance plateau and the lithium problem(s)

Dalyull UBLISILY sy~
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= 7Li production mainly by He(a,y)’Be = "Li
LUNA data rules out a nuclear solution for the “Li problem.

= 6Li production mainly by the ?H(a,y)®Li reaction
...under study at LUNA.

N

wn ) rMem

Sllde 22 ‘ Mitglied der Helmholtz-Gemeinschaft
Daniel Bemmerer | Nuclear reactions and solar neutrinos | Bad Honnef, 23.01.2013 | http://www.hzdr.de



Nuclear reactions, solar neutrinos, and the importance of the CNO cycle

1.  Which nuclear reactions take place in the Sun?
2. Can solar neutrinos address the solar abundance problem?
3. The nuclear physics of the proton-proton chain (pp chain)

4. The nuclear physics of the carbon-nitrogen-oxygen cycle (CNO cycle)

5. The science case for new underground accelerators
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™ The CNO cycle of hydrogen burning and its neutrinos

Flux (cm™ s7')

CNO cycle was postulated in 1938 by Bethe and Weizsacker

+ Some of the oldest observed
stars burn mainly by CNO

+ ~0.8% contribution to energy production
in our Sun

+ In equilibrium, bottleneck reaction:
"“N(p,y)™°O
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10 E
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& 1“N(p,y)'°0O, bottleneck of the CNO cycle, and °O neutrinos

Flux (cm™ s7')

+ QB 150) = 2.754 MeV

+ Lifetime of “N in the solar center 108 a

+ Bottleneck of the whole cycle: *N(p,y)'°O

Jdln CIDV(O_ls)

17F 18F
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LUNA divided the *N(p,y)'°O cross section by 2!

1

Ss151(E) [keV barn]

Ser90(E) [keV barn]

Slide 26
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Capture to... NACRE compilation LUNA, phase 1 TUNL LUNA, phase 3
1999 2004 2005 2008+2011
...ground state in °0O 1.55 + 0.34 0.25 = 0.06 0.49 = 0.08 0.27 = 0.05
...excited states in °0 1.65 £ 0.05 1.36 £ 0.05 1.27 £ 0.05 (1.39 + 0.05)
S(0) in keV barn 3.2 = 0.5 (tot) 1.6 = 0.2 (tot) 1.8 + 0.2 (tot) | 1.66 = 0.12 (tot)
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Adelberger et al.
2011
recommended
precision 7%...

...but it should be
further improved!
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™ Outlook on new experimental data on "*N(p,y)'°O

N Total S-factor (sum of below components)
8284 3/2 10°+ Capture to...
:: ‘ ———~ 6792 keV state (Adelberger et al. 2011)
: I T ground state (Marta et al. 2008)

14 +— 7556 1/2F 1024+ 6172 keV state (Adelberger et al. 2011)
N+p ! p— : — — 5181 keV state (Imbriani et al. 2005)
7297 [

+ =
Y_6859 5/2+ 5 10+
| |6792 3/2 -
1 0]
[ = "
6172 3/2° o 10F7 777
1 %)
1
- 1
! 1074
I_|5241 5/2*
1 |5181 1/2F
: 107%4
1/2°
0
o~
(o))
N~
Io f I t } t I t { f T t i f T t i
6800 7000 7200 7400 7600 7800 8000 8200 8400

E, in 1°0 [keV]
= The S-factor is the sum of several components with very different energy dependence.

= New cross section data between 0.4 and 2.0 MeV are needed!

N

- . . . i . ( - —
Thls requires a high-intensity, low background accelerator oresoen .\ I-ILDR
with a few MeV energy range.

concept v‘
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i Experiment on the CNO cycle at the 3.3 MV Tandetron, HZDR

15N(p,ay)'2C 6792-GS
(target monitor)
10°+
T v 5181-GS y
6172-GS CAPT-GS
4000 5000 6000 7000 8000
E [keV]
Phys. Rev. C 81, 055807 (2010)2 Literature (23, 49| Present Literature
Resonance strengths Reaction E, keV] [Ty keV]|  wy;/wyars wy [eV] wy [eV]
UN(p,y) 0 278 1.0 21 Reference  0.013140.0006 [21)°
Louis Wagner et al., UN(py) P50 1058 3.9t | 27.540.9 0.360£0.020]  0.31£0.04 [22]
new experiment (January 2013): N 12¢ 897| 1.57 [(2.77£0.11)-10 362422 293+38 [59
Off-resonance cross section (pay)™C > SOF (& FrRE0AL): o0 93438 [59]
N(p,ay)'2C 430 0.1 |(1.7340.08)-10) 22.7+1.5 21.1+1.4 [44]
I —

V ‘ W —
LI o VA
~
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i Lifetime of the 6.792 MeV level in 1°0O studied at AGATA demonstrator

AE, (6792) = _
' 7(6792)

h

09eV =
0.7fs

AGATA _@ ______ beam axis
4 ATCS reaciion
chamber

151

157

theta [deg]

163

169

175
w320 r ' ! ' ' '
g o — exgerlment 7 £14000.
3 — fusion-evap. T = 12000
o —_ p-transfer 7 S .
10000. PO (x ?7)

8000. / source (*)

6000. 5N
(t = 0.65 fs)
4000.

2000.
Energy [keV] 5200 5600 6000 6400 6800 7200 7600 _ 8000
Energy [keV]
«  Subthreshold level populated in #N(d,n)'5O reaction
«  Upper limit for lifetime in the fs range o e
- C. Michelagnoli, R. Depalo et al. (INFN Padua) e ) el

Mitglied der Helmholtz-Gemeinschaft

Slide 29

Daniel Bemmerer | Nuclear reactions and solar neutrinos | Bad Honnef, 23.01.2013 | http://www.hzdr.de



i Byproduct: Age determination of very old stars (in globular clusters)

Effective Temperature, K

30,000 10,000 7,000 6,000
104 T T T T F
Supergiants (1) L e L
-8 He —C+0 10°
M e 10 NGC 6397 - |
-44 10Mg He —C+0
star ) _
7 1Dd =
> =24 H—He = |
5M »
E, star® e
8 oA Giants (Il, 1) 10° 3 i
2 He —C+0 5
= [=%
§ ] Ma‘h,s 10 5
2, one = |
3 Y 2
a Sun 1 € i
< 6 E
_I —
e RGB - Red Giant Branch 10"
HB - Horizontal Branch |
10 P AGB - Asymptotic Giant Branch 102
ffeo _
s,
124 L] a o
(‘Vca 10 :
14 Color Index (B-V) ) B— 0.5 "1' ! L5
05 0.0 +03 +0.6 +0.8 10
I I ] I I 1 V_I
05 B0 A0 Fo GO Ko Mo

Spectral Class

— Hertzsprung-Russel diagram, turnoff of globular cluster stars from the main sequence
— Lower CNO rate leads to higher derived age for a given globular cluster
— Independent lower limit for the age of the universe of 1412 Ga

N
DRESDEN

& - - ——
sl mMaedr

Mitglied der Helmholtz-Gemeinschaft
Daniel Bemmerer | Nuclear reactions and solar neutrinos | Bad Honnef, 23.01.2013 | http://www.hzdr.de

Slide 30




2 13N neutrinos and the 12C(p,y)"*N and “N(p,y)'°O reactions

17 18
+  Q(B*, 3N) = 2.220 MeV F F

+ Lifetime 1('2C) in the solar center 108 a << 7("“N) CNO-2

+ BN emission in the solar center

determined by '#N(p,y)'°O rate 150 160 170
. Iln®,, 3 _075
14 15 -
JdInS[ " N(p,y) O]
10"E I LI A A E
10“;_ pp =] £0.5% _;
10‘“%— é

103:1?

107k

100k °B—>111.3% .

Flux (cm™ s

10°E

10*F -
10“; hep —>+15.5% -
102k -
10'[ A N A et A . L L] VA‘ - . ——
DRESDEN
0-1 - oo e pt v‘ I I‘Di ‘

Neutrino Energy in MeV
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i Double-peaked source distribution for 3N neutrinos
17F 18F
+ Center of the Sun, T=16 MK

CNO-2 (p,Y)T (eNY)T
+ Lifetime 1('?2C)=7*10°a << 2*10%a = 1("“N)

+ 12C in the solar center is quickly converted to 4N,
and CNO cycle reaches equilibrium

+ BN neutrino emission at the center of the Sun
is determined by the *N(p,y)'°O rate

Bahcall et al. 2006

20

—~ 15L _ + R/R;~0.16, T=12 MK
S I
> 1 |+ 7T(”C)=2*10%a
:a/ B -
~ 10[ 7 |+ T("N)= 10" a >> age of the Sun
N = -
5 s 13N { |+ CNO cycle never reaches equilibrium
S 5 N ‘ - |+ "N neutrino emission at R/R,~0.16
I depends on 2C(p,y)"®N rate

| I —

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 o S—
R/R, gl G o VA [
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= The 12C(p,y)**N reaction, starting point of the CNO cycle

2C(p,y)"°N

A Bailey and Stratton 1950
Hall and Fowler 1950
Lamb and Hester 1957
Vogl 1963 (unpublished)
Rolfs and Azuma 1974
Burtebaev et al. 2008

4000

S[MeV b]
SI
II\)

Adelberger et al. 2011 extrapolation

£ &

Fa

03
03

&
oM
g %%

0}

%

I ' I

0.0 0.1 0.2

+ No experimental data at or near the solar Gamow peak
+ Existing data near E = 0.1 MeV are from the 1950’s
+ Adelberger et al. 2011 cites 17% uncertainty

+ New data at low and high energy are needed!
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'7F neutrinos and the °O(p,y)'’F reaction (1)

Q(B*, V'F) = 2.761MeV — very close to 0O Q-value

*
+ Lifetime 1(%0) = 2*107° a > age of the Sun
+ 160 supply is dominated by 'O pre-existing in the Sun,
independent of CNO-1 cycle
+ 'F emission in the solar center
determined by '%O(p,y)'’F reaction rate
10%E | T
1otk ‘
3 pp —>| £0.5% §
10° ;_ "Be—>|5.8% _;
Ul | P Sl S ]
o E_--7 -7 peb—>|:1.1% 3
T e et L .
B .
= 10k ! ’B>111.3% .
5 | ;
= 105§ /: E
F 1
10*E : -
3 : 3
10°E ! hep —>+15.5% -
E 1 3
10°E /:‘/ E
10‘: A P N art AN e = =
o1 Lo 100 e () e
~

Neutrino Energy in MeV
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i '7F neutrinos and the '%O(p,y)'’F reaction (2)

16 — B 160(p Y)17|:
T Hester et al. 1958
14 El Tanner 1959

v Rolfs 1973
B Morlock et al. 1997

12 Adelberger et al. 2011 extrapolation

04—

S RS A

E [MeV]
+ No experimental data at the solar Gamow peak
+ High-energy data are extrapolated using direct-capture model

+ Adelberger et al. 2011 cites 8% uncertainty

+ Measurable impact only if '7F and 'O neutrinos can be separated

N
‘ - -—
i DRESDEN R
+ New data at low and medium energy needed! e Pt D
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Nuclear reactions, solar neutrinos, and the importance of the CNO cycle

1.  Which nuclear reactions take place in the Sun?
2. Can solar neutrinos address the solar abundance problem?
3. The nuclear physics of the proton-proton chain (pp chain)

4. The nuclear physics of the carbon-nitrogen-oxygen cycle (CNO cycle)

5. The science case for new underground accelerators
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i Motivation for a higher-energy underground accelerator

1.0

SHe(ay)'Be, Tg=0.16 /% [\ // \
_________ HNQWI8E Tocts / \,/ \ Stellar energy range
. (OI,Y)16 Ll Lo (Gamow peak) for
0.8+ 7 %C(ay) 7O, Tg=35 /./ ,\.\ \\ selected a-induced
- — ~#2Ne(a,n)*°Mg, Tg=3.5 ; v L reactions
£ : R (.
S 06- oo
g - S
x /
B / / \ \
Q. / : \
z  04- L \ \
£ RN |
© ’ ' Vo
0] . / v/ Vo
Future underground accelerator
0.2 - a — —
0.4 MV LUNA accelerator ./ /' / \ \\
T X T— /N -
,-"‘:/‘/ 7 5 \ \
0.0 B = S E S }
50 100 200 500 1000 2000
Laboratory beam energy [keV]
= Many reactions cannot be studied with a 0.4 MV accelerator alone.
= Solar fusion reactions
= Stellar helium and carbon burning
= Neutron sources for the astrophysical s-process
= Anew, higher-energy underground accelerator is needed!
VA -
DRESDEN ‘
sl mMaedr
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2 Rock overburdens for new underground accelerators

2 -1

Intensity [cm's ]

1 Surface Felsenkeller/DE Gran Sasso/IT
10 ' ! ! ' ' Canfranc/ES
muons_ _
107 F nucleonic STl .
compom ™
\
-3 \
107 neutrons produced ]
in lead by muons
107 g
10-5 |_neutrons from fission and (a,n) _
at Gran Sasso
10° y
107 | | ;
0,01 0,1 1 10 100 1000 10000 “ . (.« o Al
Depth [meter water equivalent] s e, TE |
- 3
United States: DIANA (formerly part of DUSEL)
China
South America oresoen &) <L
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i Gran Sasso / Italy: LUNA-upgrade 3.5 MV accelerator

LUNA .
L’Aquila TIR 0.4 MV Hall B I§U5NI\'/IA\V ltalian government approved 2.8 M€ for

gallery purchasing a 3.5 MV single-ended
\ Hall A accelerator, with RF ion source (2012).

¢ HallC  Goliaporation-building workshop
at Gran Sasso, 6-8 February 2013:

,.é/'\ http://luna-mv.Ings.infn.it
. ————_ Car parking

gallery
Highway tunnel \

concrete frame
HDPE box (300 mm)
Gas target

HDPE box (200 mm)
Solid target

Scientific program:
+ Stellar helium burning, including the

,Holy Grail of Nuclear Astrophysics* , N\
HDPE panels (100 \

12C(G,Y)16O mm) %
— ) " i concrete
+ 3He(a,y)’Be for solar fusion HDPE 9"°Un'\‘ndw)P0ne' (100 door
+ Neutron sources for the astrophysical ’
S-process

concrete baseline (200 mm)
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* Inavery low
background
environment such as
LNGS, it is
mandatory not to
increase the
neutron flux above
its average value

13 16 22 25 13 16 12 16
C(a,n)”0 Ne(ct,n)> Mg C(a,n)°0 from C(a,y)"0
a beam intensity: 200 yA a beam intensity: 200 pA a beam intensity: 200 pA
Target: 13C, 2 107at/cm? (99% Target: 22Ne, 1 10'8at/cm? Target: 13C, 1 10'8at/cm? (13C/12C = 10-3)
13C enriched) Beam energy(lab) < 1.0 MeV Beam energy(lab) < 3.5 MeV

Beam energy(lab) < 0.8 MeV

1E+04 ¢ *  Maximum neutron production rate : 2000 n/s
e | Marimun netron o | T R, O AT *  Maximum neutron energy (lab) : 5.6 MeV

102 | N — * 1Im thick borated polyethylene shielding will
1E401 | energy (lab): 5.6 MeV be added on all sides (CllSO agains‘r the I"OCk)

1E+00 T Maximum neutron

e Additional neutron flux outside LUNA-MV will

energy (lab): 0.45 MeV

Neutron production rate [1/s]

1801 ¢ be <1% of ambient neutron flux

1E-02 ¥ — ISC(a’ n)léo ﬁom IZC(a’ 7)160

1E-03 i — 22Ne(a, n)ZSMg

1E-04 - — 13C(a, n)lso

1E05 2 [ ™ - —

S T U omesoen N g g L) R
0,25 05 0,75 1 1,25 15 1,75 2 2,25 25 2,75 3 3,25 35 v‘
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i Dresden, former Felsenkeller brewery

+ Existing y-counting facility

+ Additional space available underground
+« Background 3 times worse than LUNA

+ Great interest by students and the public

HZDR (Daniel Bemmerer et al.),

+ 12-year old, working 5 MV accelerator TU Dresden (Kai Zuber et al.)

+ Bought off an insolvent spin-off of York Univ. + Solar fusion reactions: CNO cycle

+ 250 pA upcharge current (double pellet chains) + Carbon burning in type la supernova
+ Two Cs sputter ion sources: 100 yA H-and C- precursors

+  Well-suited for low-energy nuclear astrophysics | ¢  User-driven, applied physics also OK
+ Educational tool to teach low-background

methods and maintain nuclear competence
+ We hope to have it available end of 2013!

N
DR ) HZDR

DRESDEN
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Nuclear reactions, solar neutrinos, and the importance of the CNO cycle

+« New nuclear reaction data are necessary for pp-chain and CNO-cycle,
as a precondition to solve the solar abundance problem

+ Precision studies of light, stable-ion nuclear reactions require
intensive ion beams in a low-background environment

+ Underground Mega-ton neutrino detectors need underground Mega-volt accelerators

| 1 1 1 1 1
Serenelli et al. 2011
Solar Neutrino Spectra (£10)

""""" pep[£1.2%]
————— \
| 1 1
1
1

e 8B[ +14%]

Flux (em™ s™")

I
L
I
I
I

soumd v sovd soomd vl svvd seomd el soued ol el s

L I N

0.1 0.2 0.5 1.0 2.0 50 10.0  20.0 \ = '_DR
DRESDEN
. . . . . . : . EsoEn v‘ H‘

Neutrino Energy in MeV
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i
Backup slides
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3D versus 1D model atmospheres:
Center to limb variation in intensity

Center 'O T T

0.9

0.8

0.7

0.6

0.5

W /1(p="1)

04

0.3

0.2

Limb 0

p=0.90

u=0.70

p=0.50

Asplund et al. 2009

. —o— 3D model (new)
u=0. —e— 1D Holweger & Miiller

—e— 1D MARCS

X Observations
u=0.10
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. Data on the Sun (2): Elemental abundances
from the model-based interpretation of the Fraunhofer lines

Relative intensity

1. 2[
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x = 2.223 [eV]
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1D model - observation -

11
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o
s
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Averaged profile
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Fel
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log gf = =3.573
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0.0

Asplund et al. |
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608.250 608,260

Wavelength [nrn]

608.270 608,280

608,290

3-dimensional models of the photosphere lead to lower

derived abundances:
1D: 2.29% (by mass) of the Sun are “metals” (Li...U)
3D: 1.78% (by mass) of the Sun are “metals” (Li...U)

N
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o SHe(a,y)’Be at LUNA, in-beam y-spectra

Laboratory background

S7
o

(5) Ey = 220 keV | in Dresden, ELBE hall
fg 30 days irradiation at LUNA (Gran Sasso)
W]
Q
> =
%) N 19 /7("S
2 5 e
2
C
=2
]
O

1||! ‘

107 lh | WAL LI il
0 500 H““i | ” [ “H | | | zoo
Ey [keV]
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®  Stellar helium burning

=  After exhaustion of hydrogen fuel in the core,
core helium burning (and shell hydrogen burning) start He

= 12C produced by 8Be(a,y)'?C (triple-a. reaction)
= 12C destroyed by "?C(a,y)'®0O (triple-a reaction)

= Main end products 2C, 60

23Mg 24Mg 25Mg

= Paves the way for the production of neutrons, via

21Na 22)a 23Na
14N(a,y)'8F — 80(a,y)??Ne — 22Ne(a,n)**Mg

= Paves the way for the production of fluorine, via "Ne *'Ne ?'Ne ?’Ne
®N(a.,y)F

14N (c,y)18F — 180(p,a)™8N — 15N(cr,y)19F

Red = (a.,y) reactions
of helium burning

Blue = (a,n) reactions
providing neutrons for the
astrophysical s-process

N

e =
wn ) rleldr
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= The 12C(a.,y)'®0 reaction, determining the 2C/'°0 ratio

El

E2

S(E)

1204, 7.162
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. The two astrophysical neutron source reactions

6><106 “' I ! I : ' |
! A Davids 1967 13 16
K ¥ Drotleff et al. 1993 i | C(a,n)™®0
. \ B Brune et al. 1993
% \ # Bair and Haas 1973
& 6 ‘\ » Kellogg et al. 1989 a
S 4x10° )
5 \ « Harissopulos 2005
= @® Heil et al. 2008
> ]
o
SRS
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=
9 9]
0 el P" i 22N 25\ i
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Electron capture on CNO nuclides (Stonehill et al. 2004)
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o Background, in a typical HPGe detector for nuclear astrophysics

1004 e Surface, no active shield
g ] - Surface, muon veto active
102 ey .-;-..;;_.;, . . - - - Shallow underground,no active shield
o . oy A § —-—-- Shallow underground, muon veto active
e 10 i 3% "“"-%p b, T (B 23 N —— Deep underground, no active shlel_d
T Rt oy ’1’“{ 3 5 SOt Deep underground, muon veto active
| Sal g
Q o Jul ""!“' 1‘3”‘“\ -w.‘-",,".'.i g
X, 1074, W) M e,
® 'l W‘“ Loy T T
- P L Y Mosmiccs R TS S SiEese el Siejie 818 Seie wie aieie o e e B e S 6 S S mie e e e e S S
S q0'4t : ,Q"’;“{T\k
o ! Tﬂl’# '
£ | e t et = et ot e
..E 10—2 2 - ¥ ot T & B tecmen == gy - IS
[ 5 e Ty o T S Py o = et e R L S e g ———— o o e el e [ -
s 1 TTTERR R i—— T T TT oo T T CEm
O ¢4
1e European Physical Journal volume 48 - number 1 - janvary-2012 N4 b= g T EestS i i
| I I Journal — volume48-number1-january-2012 N4 Ty !_._-_-_-_ .....
l & I 4 I I I I I I
@ Recognized by European Physical Society 3 4 5 6 7 8 9 10 1 1 12

Hadrons and Nuclei

— Felsenkeller: Combination of active veto and 47m rock gives a
background close to the deep-underground background at 6-8 MeV.

— Explanation: Environmental (a,n) neutrons dominate the deep-
underground background.

T. Sziucs et al., o
Eur. Phys. J. A48, 8 (2012) N o W

@ Springer
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I “0Ca(a,y)*Ti activation experiment, offline spectra from Felsenkeller

Felsenkeller, 67 Bq calibration sample
HZDR Leadcastle, 3 mBq activated sample
Felsenkeller, 3 mBq activated sample
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