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The Felsenkeller facility for nuclear astrophysics

= pp-chain: The *He(a.,y)’Be reaction

= CNO cycle: The “N(p,y)*>0 reaction

= Holy Grail of Nuclear Astrophysics: The 12C(a,y)'®O reaction

= Capabilities of the new Felsenkeller facility
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Solar neutrino fluxes: Solar neutrino problem
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Solar pp-chain
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Solar neutrino fluxes: New solar composition
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Uncertainties in the predicted solar neutrino fluxes

Nuclear reaction rates
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Two met

hod

Measuring the promptly emitted y-rays,

SHe+*He
Q=1.586 MeV

so-called prompt-y approach:
S(0) = 0.507£0.016 keV barn

(Adelberger et al., Rev. Mod. Phys. 1998)

Y
Measuring the created ’Be activity,
S o8 Mo so-called activation approach:
Y Y __ S(0)=0.572+0.026 keV bamn
"Be (t;p=53.22d) ‘. “~._10.4%
E,=0.478 MeV
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3He(a,y)’Be at LUNA (Laboratory for Underground Nuclear Astrophysics)

(activation and prompt-y technique) ‘
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3He(a,y)’Be at LUNA, in-beam y-spectra
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SHe(a,y)’Be at LUNA, Be activation spectra
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counts/Kev/nhour

3He(a,y)’Be at LUNA, systematic uncertainty
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3He(a,y)’Be at LUNA, S-factor results
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Solar neutrino fluxes: Newer modell
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N. Grevesse, A. J. Sauval,
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Uncertainties in the predicted solar neutrino fluxes?

Nuclear reaction rates
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R-matrix fit: Monte Carlo approach, and rescaled experimental data
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New high energy measurement, Preliminary results
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The Felsenkeller facility for nuclear astrophysics

= pp-chain: The 3He(a.,y)’Be reaction

= CNO cycle: The *N(p,y)1°O reaction

= Holy Grail of Nuclear Astrophysics: The 12C(a,y)'®O reaction

= Capabilities of the new Felsenkeller facility
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Uncertainties in the predicted solar neutrino fluxes?

Nuclear reaction rates
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4N(p,y)*0, a bit more complex

- Some possible experimental approaches:
12_| 7556
“N+p 7297 # 1.  Study capture to each level separately with
= 4R — 6792 (75+5)% HPGe detector (~1% efficiency), then
extrapolate in the R-matrix framework
Y ! = 6172 (5+1)%
- 2.  Study the total cross section with a summing
Y E I crystal (~70% efficiency) directly at relevant
T | e (5+£1)% energies
’ Y Y VY : o 3. Concentrate on the most uncertain
= TS (15+15)% component (ground state capture) with
& - precision data and R-matrix fit
I Sun I\G/Ig tStar af'; H shell burning
(BN (zzl:\;?((; (50 - 80 MK) 4. Complete the data base over a wide energy

range

5.  Study ground state capture with indirect
methods

0
Astrophysically relevant I
eneegy ta0ge HZDR
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In-beam experiments, low or high y-ray detection efficiency?

Germanium Scintillator
y-ray resolution ~3 keV + target ~100 keV
y-ray detection efficiency ~1% ~100%
Level scheme (cascade Sensitive Not sensitive
transitions)
y-ray angular distribution Sensitive Not sensitive
Beam-induced y-ray background Not sensitive Sensitive
Understand reaction mechanism 1 _ _
(direct versus resonant, cascades, Experimental cross section
interference) data at very low energy
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4N(p,y)*°0, total S-factor from three LUNA experimental campaigns
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R. C. Runkle et a/, PRL 94, 082503 (2005) (7)== R
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Counts

N(p,y)*0, experiment with a summing detector
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LUNA divided the *N(p,y)*>O cross section by 2!

Capture to... NACRE compilation | LUNA, phase 1 TUNL LUNA, phase 3
1999 2004 2005 2008+2011
...ground state in 10 1.55+0.34 0.25+ 0.06 0.49 + 0.08 0.27 £ 0.05
...excited states in 1°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)
1+ £. - 5181 keV state g \.\ £, = 6172 keV state 4
]

/ ﬁ&ﬂ
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2011
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S factor [keV barn]

03—+

0.1+

Astrophysical implications of the LUNA “N(p,y)**O data

. ¥“N(p,y)*°0 cross section cut in half!

S(0) = 3.2 keV barn (1998)
—> 1.66+0.12 keV barn (2011)

Astrophysical
energy range

1 1 1 1

T T T ! 4
100 200 300 400
Ecy [keV]

Independent lower limit on the age of the universe, through turnoff luminosity of main
sequence stars in the oldest globular clusters: 14+2 billion years.

CNO contribution to solar burning reduced by a factor 2, now 0.8% of energy production.
More efficient dredge-up of carbon to the surface of asymptotic giant branch stars.

A chance to now measure carbon+nitrogen content of solar core with neutrinos.
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Study of “N(p,y)*O over a wide energy range
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Experimental setups at the HZDR Tandetron, Dresden

Target

Collimator (watercooled)

(watercooled)
Pressure

10 "mbar

Secondary electrons
Suppression

—
MTA '
DEBRECERN

9%
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High-energy data on the “N(p,y)*°O reaction

*  Preliminary data from the Dresden 3 MV Tandetron

* Also high-energy data influence the R-matrix extrapolation to low energy
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High-energy data on the “N(p,y)*°O reaction

Q. Li et al, PRC 93, 055806 (2016)
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Activation measurement of the **N(p,y)*>O reaction cross section at
ATOMKI

* High-energy total cross section data will be provided
* Completely independent method
* Several difficulties experienced by in beam is not present here

2 min half-life!

counts in 5 seconds
B
o
(=]

w
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o
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Courtesy Gy. Gyurky
Moo
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Uncertainties in the predicted solar neutrino fluxes?

Nuclear reaction rates

A
| 1
Si1 S3s3 Sss Sy 81’14 Opac Diff Unce_rtalnty cc_mtnbuted to
neutrino flux, in percent
SN 21 01 03 0.0 3.6 49
ntonelli et al.,
150 29 01 02 00 52 BY  1ops 1356
7F 31 01 02 00 00 58 —b60
“N(p,y)*°0O
Quant. Dominant Theoretical Error Sources in %
D (pp) L-: 0.3 S34: 0.3 K 0.2 Diff: 0.2
D(pep) K 0.5 L-: 0.4 NETH 0.4 Si 0.2
D(hep)  Shep: 302 Si3: 24 K 1.1  Dift 05
D [?BE} 534: 4.1 K 3.8 533: 2.3 Dift: 1.9 Newer model
D(*B) K 7.3 AT R 4.8 Dift: 4.0 Saa 3.9
Ny C: 100 C Sy 54 Diff: 48 & 3.9 Vinyoles et al.,
o(0) C: 94 C_ S;12 7.9 Diff: 56 K 5.5 The Astrophysical Journal,
D(7F) O: 12.6 St 8.8 K 6.0 Difft: 6.0 835, 202 (2017)
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The Felsenkeller facility for nuclear astrophysics

= pp-chain: The 3He(a.,y)’Be reaction

= CNO cycle: The “N(p,y)*>0 reaction

= Holy Grail of Nuclear Astrophysics: The 2C(a,y)®0O reaction

= Capabilities of the new Felsenkeller facility

Tamas Szlcs | tszucs@atomki.mta.hu | NTAA Summer School, Dubna, 10. - 21. 07. 2017



Stellar helium burning and the Holy Grail 12C(a.,y)*¢0

Produce 12C: 4H€ —+ 4He — 8Be -+ 4He — 12C —+ 8%
Destroy ?C and produce *°0: 12C -+ 4I—Ie —> 160 + Y
+ 12C production and destruction rone
controls the 12C / 160 ratio. He=C
C,0—Ne—Si

+ The 2C(a,y)®0 reaction
was called the Si—Fe
“holy grail of nuclear astrophysics”
by 1983 Physics Nobel Laureate
William A. Fowler.
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The 2C(a,y)*°0 rate affects the production of many elements!

‘IO2 B | | | | | | .
S ' 1%%Ca |
@ 32 ]
2 > -
S
O i
N |
Q ;-‘t -
@ \~ 4
% S
© 1 L _
o 10 .
&) ]
- N i
S = ]
= V= _
g
o) 2Na ]
- 7
;& Al
@)) Data: Weaver & Woosley 1993

100 Ii | | | | |

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

Multiplier on '2C(a,y)'°O rate

Tamas Szlcs | tszucs@atomki.mta.hu | NTAA Summer School, Dubna, 10. - 21. 07. 2017



The 2C(a,y)*°0 level scheme

E- = 0.3 MeV
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The 2C(a,y)*°0 experimental situation
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State of the art on '2C(a,y)*®0, major components
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Potential for Felsenkeller... ... usm%lzc+ beam, windowless gas target,

y-calorimeter C) MeV]
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The Felsenkeller facility for nuclear astrophysics

= pp-chain: The 3He(a.,y)’Be reaction

= CNO cycle: The “N(p,y)*>0 reaction

= Holy Grail of Nuclear Astrophysics: The 12C(a,y)'®O reaction

= Capabilities of the new Felsenkeller facility
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New underground ion beam at Felsenkeller, Dresden

=
o

g 5
=} @
o =

T T

26.08.2016
w 22000 . e Surface, no active shield
g i —eme Surface, muon veto active
H My Y e A . - - = Shallow underground,no active shield
COSTT].IC rays attenuated by 4? m r(-)_ck,ao’ Qg : et Sl et e el acive
additional muon veto then gives = o N — Deep underground, no active shield
% ool VRaakedbd) 00 Deep underground, muon velo aclive
ultra-low background T il e
2 . - 4 G e S U TS
5 MV Pelletron ion accelerator £ 1o
. . T S 205 Sttt RS
Installation ongoing, 3 o :
2 v
will complete in September 2017~ "° e T
10‘ ..... L—l—--'
’ 12C(at,y)160
10 ' b T T b T ) T . T L) .. L} A
0 1 2 3 4 5 6 7 8

Tamas Szlcs | tszucs@atomki.mta.hu | NTAA Summer School, Dubna, 10. - 21. 07. 2017



Muon flux measurements (Felix Ludwig, MSc work)
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Neutron flux (Marcel Grieger, MSc work)

+ 3He counters inside

polyethylene moderator blocks
of various sizes

+ Same setup previously used at
Canfranc underground lab, Spain
D. Jordan et al.,
Astropart. Phys. 42, 1 (2013)
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Neutron flux (Marcel Grieger, MSc work)

+ Three different campaigns show

. Site Integrated flux
consistent results

[104 cm™2 s71]
+ Very different fluxes at three

nearby sites (all in tunnel IV) with
similar muon flux Workshop 2.1

Luﬂlchocm
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5 MV Pelletron from York/UK

+ High voltage tank opened
+ Pellet chains dismounted and cleaned

+ High voltage terminal dismounted
+ Control software under re-development

' installed on high voltage terminal
+ Commercial NEC RF ion source
MC-SNICS 134 sputter ion source + Working plasma discharge

+ 100 pA C beam + Tests show successful extraction of 80 pA
alpha current

+ Electrostatic deflector for coupling RF ion
source to beam line

+ 100 pA H beam
+ No useful He- beam
+ Has worked well for 12 years
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External ion source

Cesium sputter ion source

Intensive 2C- beam

‘_
dlomki T A [

9%
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Internal 1on source

Radio frequency
ionization

Intensive
He*, H* beams

p (mbar)
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The Felsenkeller site
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The Pelletron
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Pelletron terminal
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RF lon source
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RF lon source
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Map of the planned installations in Felsenkeller
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Thank you for your attention!
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