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.Nuclear Astrophysics: The production of the chemical elements
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.Nuclear Astrophysics: The production of the chemical elements
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. Hydrogen burning in the CNO 25 26

and NeNa cycles T \ T \

24Mg 25Mg 26Mg

Formicola et al. (LUNA) 2004 21Na 22Na
Lemut et al. (LUNA) 2006 T \ T
CNO cycle half as fast as 20Ne 21Ne
previously believed T

17F 18F 19F

160 170 180 Some surprises 2015
and again 2018...
see next slide
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i LUNA = Laboratory Underground for NucIearAstrophysms

LUNA @ Gran Sasso

- ltaly
- Germany (HZDR)
- UK
- Hungary
i S Eartlh’s surlface | ]
fffffffffffffffffffffffffffffffffffffffffffffffff — "N(p,y)"°Osignal 3
—— Underground 1

LUNA approach:
Measure nuclear reaction cross sections | 3
at or near the relevant energies g
(= Gamow peak), using 102 Fo N e ;

* high beam intensity ol b e e Y
* low background )
o great patience 1 2 3 4 5 6 7 8 9 10
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= 22Ng(p,y)2Na, part of the H-burning NeNa cycle
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. 22Ne(p,y)**Na and the Na - O anticorrelation
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. Nuclear reaction cross section o for low-energy charged particles

Fast « Typical Coulomb barrier height : ~ MeV
A incoming . i * T ~
elicle Typical temperature kg * T ~ keV
— Need quantum mechanical tunneling!
- Slow 1
g ¢ incoming
& | S particle Definition of the
£ astrophysical S-factor S(E):
Q
: sm) 2
> e
Radius o(E) = E oXp < 2m 21250 2F )

Nucleus

VA =] = ]
O 2=
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i At which energies do the reactions take place in a plasma?

Nalov) = Ny %(kBT)_g S(E) /OOO exp [—% - kBiT] dE
/‘ ‘.

Thermonuclear g::"(“
reaction rate

Maxwell-
Boltzmann
distribution

Cross section
(linear scale)

Aim for the
astrophysical
S-factor S(E) at
Gamow peak
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| 14N(p

Ser9(E) [keV barn]

4

)20 for the CNO cycle re-studied in Dresden

3

—<— LUNA 2004

14N(p,y)150(6.79) +—2— Bochum 1987

—e— LUNA 2011
—— TUNL 2005

---- Solar Fusion II 2011 1
1—-- Notre Dame fit 2016 |
—4— Present data
71— Present R—matrix fit{

500

Louis Wagner et al.,
Phys. Rev. C 97, 015801 (2018)

Experiment at Rossendorf 3 MV Tandetron,

H* beam

600
E [keV]
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& 12C(p,y)3N for the CNO cycle re-studied in Dresden
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AZURE Fit (this work)
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Stefan Reinicke et al.,
in prep.
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™ Solar fusion: Proton-proton chain

TH(p,e*v)%H
?H(p,y)*He
85 % | 15 %
3He(®He,2p)*He ‘ 3He(ot,Y)'Be

Production of 'Be from 3He
+? and “He in the Sun

15 %

'

"Be(e’,v)’Li

—”” ¢
-
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Be neutrinos -~

pp-I
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. The 3He(a,y)’Be cross section
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- The 3He(o,y)’Be reaction re-studied in Dresden

— 25

0, —+— Experiment (2018)

= Tombrello et al. (1963)
< Turkat et al. (2018)

2

S 20

Q

O

15

Copper tube

=
IIII’IIIIIIIIIIII
7

HPGe 3x60% 5:—
0: [ SN T TV O (BT O ] T O SR Y N S S W GO A T O G A T L R
0 20 40 60 80 100 120 140 160 180
Angle [°]
F’% B Earth's surface, graded shield
TQ, — Felsenkeller VlII, graded shield
*510‘2 —
° 0 PhD project Steffen Turkat
I (TU Dresden)
N Experiment at Rossendorf 3 MV
I Tandetron, 4He* beam,
10 and Felsenkeller HPGe detector
_I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 VA - N E—
7% o 7% 70 5% 515 520 D oncept ‘é\vl‘[ M D R

Slide 14 ' Mitgiied der Helmholtz-Gemeinschaft
Daniel Bemmerer | Felsenkeller | Seminar IKTP, TU Dresden, 24.01.2019 | http://www.hzdr.de



.Nuclear Astrophysics: The production of the chemical elements
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_ 2
Cosmology and “H Blue band: 2H
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_ Cosmology and 2H

- i Griffiths et al. 1962, 1963 2 3 7
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.Nuclear Astrophysics: The production of the chemical elements
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- The ?C(a,y)'®0 rate affects the production of many elements!
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State of the art on '2C(a,y)'®O and potential for Felsenkeller...
..using 50 pA 2C* beam, windowless gas target, y-calorimeter
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New underground ion beam at Felsenkeller, Dresden

+ System of nine tunnels built

for Felsenkeller brewery in
1856-59

|
c
3
S
@

m \BU\H\.\.

+ 5 MV Pelletron ion
accelerator
for TH, 4He, 12C beams

+ Combination of

M attenuation by 45 m rock
and active u veto

10 | I I A IEarth’ls Surfalce, witr|1 muonI veto |
------ Felsenkeller
Felsenkeller, with muon veto
— —— Gran Sasso, with muon veto
< -2
'.'> 10
o =AMLt mmeae L.
ﬁ --------------
o
2 100 region of interest i
c
£
>
3
10 [ Eur. Phys. J. A 48 8 (2012) I t i
| Eur. Phys. J. , |
Eur. Phys. J. A 51, 33 (2015) I —
| | | | | | | |

4 5 6 7 8 9 10 11 12
E, [MeV]
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. Installations in Felsenkeller, Dresden

Joint effort HZDR - TU Dresden Two main new instruments
+ Investment by TU Dresden (Kai Zuber et al.) + HZDR: 5 MV Pelletron, 50 pA beams of
and HZDR (Daniel Bemmerer et al.) 'H*, 4He* (single-ended), '2C* (tandem)
+ Running cost covered by HZDR + TU Dresden: 150% ultra-low-background
+ Engineering and technical staff by HZDR HPGe detector for offline y-counting
External ion source
Experiment | Experiment Accelerator
preparation | control control
SFg storage tank Internal ion source
N\
Bunker for in—-beam experiments
\ Bunker for activation experiments
Tunnel IX _—
Tunnel VIII
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B Felsenkeller, muon flux measurement
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shows strong attenuation

Data matched by GEANT4
Monte Carlo simulation
using the known terrain
features

/11,/ 910 - 10 —130 .\7‘-\5\‘ \m| . . .
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\‘A I I I I . I I I
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& Felsenkeller, neutron flux measurement

+ 180 X lower neutron flux than at the Earth's
surface

+ Neutron data informed the construction project

10‘3 7 R rorrre NP AT ] ! LR |

107 . E
_ Prelimina
g 107 Location ®_ [104cm2 s 1]
O, . n
2 i Vel @ Irradiatioh surkaer  0.64 + 0.06
gy | @ Activation bunker' | /072 4 0.07
el - N O 1 @ Technical room 23 40Z

(R T . Overground 120

| 1 PhD project Marcel Grieger
10-8 f sl s | . ol al . ! i Y E—
0P 108 g% 192 60 102 (HZDR & TU Dresden)
En [MeV] Master‘s project Thomas Hensel
'Y -E
() rlaadr
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National Electrostatics (NEC) tandem
+ Second-hand machine from York/UK, was running
there for *C analyses at 4.5 MV

+ 95 MV acceleration potential
+ Double pellet chains, 300 yA upcharge current

+ Radio-frequency ion source added
on the high voltage terminal
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% External (=sputter) ion source for 2C beam

- —-

Cesium sputter ion source
! produces intensive 2C- beam:
100 uA after the source

Y &;-‘g :f., ‘
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A|27
C13 "\28:36 39
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\ : PhD project Felix Ludwig (HZDR & TU Dresden)
Bachelor’s project Julia Steckling
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0.6

PhD project Marcel Grieger
(HZDR & TU Dresden)
Master’s project Simon RUummler

0.4

0.2

0.0 4 . , . , . , . , . , . ,
1.0 15 2.0 25 3.0 35 4.0 /VA‘ o w —
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& Felsenkeller, status of the accelerator beam lines

Low energy side

jon-source deflector L. E. magnet accelerator

.

High energy side

accelerator H. E. magnet wall target room

fA - ——
e () e
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™ |n-beam measurement bunker, made of low-activity concrete

y - ——
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. TU Dresden activation bunker

//

..+ CANBERRA-Lingolsheim GX150-250R
+ Extended Range Crystal
+ Endcap: 1.6 mm ultrapure Al > E, > 15 keV

+ Resolution FWHM (1332 keV) = 1.98 keV
FWHM (121 keV)  =1.06 keV

» Passive shielding

y - + 5 (+5) cm copper OFRP

+ 5+10cm lead:
+ Innerlayer: 5 cm (< 1.9 Bg/kg 2'°Pb)
+ Outer layer: 10 cm (< 30 Bg/kg 2'°Pb)

+ Active shielding

+ Plastic muon veto detector
Four 100 x 100 x 6 cm3 panels

N

r =] L= ]
() rledr
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_ Counting room (at the Earth’s surface, with daylight!)

=
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_ Work in progress

5 MV Pelletron ion accelerator

+ Both ion sources work in situ!

+ Re-commission SF4 system

+ Re-commission main accelerator

+ Vacuum upgrade from cry to turbo

+ Commission Labview control system

In-beam bunker and instrumentation

+ 4 HPGe detectors available
(HZDR), 10 - 30 years old

+ Solid target assembly available (HZDR)
+ Gas target still to be funded

Activation bunker (TU Dresden)
o Commission 150% HPGe detector
+ Install 80% borehole HPGe detector

(A - ——
e () e
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_ Felsenkeller, scientific user community

The accelerator will be open as a facility to any scientific users worldwide, at no cost .

User selection based on recommendations by an independent scientific advisory board
o Zsolt Fulop (ATOMKI Debrecen / Hungary)

+ Brian Fulton (University of York / UK)

+ Alessandra Guglielmetti (Milano Uni and INFN / Italy)

+ Jordi José (UPC Barcelona/Spain)

ENAUT collaboration (Experimentelle Nukleare Astrophysik unter Tage)

+ Daniel Bemmerer (HZDR Dresden)

+ Kai Zuber (TU Dresden)

+ Shawn Bishop (TU Minchen)

+ René Reifarth (Uni Frankfurt)

+ Andreas Zilges (Uni Kaln)

+ Failed BMBF-Verbundforschung project, 2017-2020 period... we will try again!
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& Scientific workshop and pre-opening, 26.-28.06.2017

3-day scientific workshop Ceremonial pre-opening

o 22 talks + Minister of Science of Saxony State

+ 20 posters + Physics Nobel Laureate Arthur McDonald
+ 58 scientific participants + 150 participants
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Felsenkeller, program and status

Nuclear astrophysics is an
emerging interdisciplinary field

at the intersection of astronomy,
astrophysics, and nuclear physics
New nuclear data are needed for
astrophysical scenarios including

the Sun, the Big Bang, and
hydrostatic helium burning

The Felsenkeller 5 MV underground
ion accelerator is ideally suited to
address these challenges.

The Felsenkeller laboratory is
operational, 3 km from here

Accelerator commissioning is
underway

Stay tuned!
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. Map of the city of Dresden
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_ Background as a function of depth
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