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Experimental nuclear astrophysics

= Nuclear reactions building up the material of our universe

» Charged particle induced reaction
= Thermal movement
=  Coulomb barrier
= Typical energy region
= Extrapolation
= Laboratory background in the detector
= Sources
»= Reduction techniques
= |mportance of the underground measurements
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Relative abundance

Origin of the chemical elements
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Big Bang Nucleoshynthesis

DEBRECERN

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



The Li problem

Baryon density Qph?
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Solar pp-chain
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Solar neutrino problem
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An age of precision for solar neutrinos from the pp-chain
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Neutrino Energy in MeV

precision of v-astronomy:

Water-Cherenkov detectors, assuming large neutrino mixing angle:

2% precision for solar 8B neutrino flux (SNO, SuperK) 8. Aharmim et al., PRC 87, 025501 (2013)]
. o . . LN
5% precision for solar ’Be neutrino flux (Borexino) [G. Bellini et al., PRD 89, 112007 (2014)] /_ /mraNA
[~
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Helium burning
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Other burning phases
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Experimental nuclear astrophysics

* Nuclear reactions building up the material of our universe

= Charged particle induced reaction
=  Thermal movement
= Coulomb barrier
= Typical energy region
= Extrapolation
= Laboratory background in the detector
= Sources
»= Reduction techniques
= |mportance of the underground measurements
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Potential energy

Nuclear reaction cross section

Fast
incoming
particle

Slow
incoming
particle

-
Radius

Nucleus

Thermal neutron capture: ~1 barn

(o) for charged particles

Typical Coulomb barrier height : ~ MeV
Typical temperature kg * T ~ keV

—The energy dependence of the cross section
is dominated by the tunneling probability.

Tunneling probability
(for relative angular momentum |1=0):

oc exp{— lezoc\/g }

Charged-particle capture at
astrophysical energies: ¢ ~ 1 nanobarn!!
—>“NANO - ASTROPHYSICS”
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How much is the astrophysically relevant energy?

The Gamow peak

Z
Maxwell-Boltzmann '8
velocity distribution =

=
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g //

5 E, Energy

Tunneling probability p
(for zero relative angular < EXP{— leza\E}

momentum):
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The Gamow peak, some examples

Scenario Reaction EslkeV] |o[barn] |Detected
events/hour
Sun (16 MK) SHe(a,y)'Be 23 10-17 109
14N(p,y)50 28 10-19 10-11
AGB stars (80 MK) | *N(p,y)**O 81 10-12 104
Big bang (300 MK) | 3He(a.,y)’Be 160 10-° 101
2H(a,y)8Li 96 10-1 103

1 barn= 102%* cm?; assume 10 h'l beam, 10 at/cm? target, 102 detection efficiency

=>» Extrapolations seem to be necessary.

DEBRECERN
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Extrapolation and the astrophysical S-factor

-4
ryrredE T T

’.!-:!!

107k
1I:|I:IIII I:Ilﬁ 1I£I 1I5 ZIIZI Zlﬁ 3IIZI
e e Geometrical

. . . . . cross section

+ Welmany st @

+  LUNA 2007y

+  Seditk 20T
L ¢ ERua ooy s-wave Coulomb

o Barrier transmission

=
=

=
iy
T

S-factor f (ke barn)
l-si-l
[ o |
i
=+
—s—H
Eg

=
(5]

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



Advantages of extrapolation
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And the drawbacks...

)
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It is mandatory to measure
as close to the relevant
energy region as possible /@lsmid
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Experimental nuclear astrophysics

* Nuclear reactions building up the material of our universe

» Charged particle induced reaction
= Thermal movement
=  Coulomb barrier
= Typical energy region
= Extrapolation
= Laboratory background in the detector
= Sources
= Reduction techniques
= |Importance of the underground measurements
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Typical signal

Counts

Relative error of the peak area:
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HPGe detector response for monoenergetic gamma-rays

A
Full energy peak

N Bremsstrahlun
L 0 Compton
$ Double  gingle  edge
n Backscatter escape 9 9
@J\K\L P€  escape
S3 1 {
2 |X-ray 511 keV ' |
- I |
2 [peak annihilation 1 |
O : |
© peak \ _511keV. .

oo SOmpton continuum O

>
Energy IVIuItlpIe

Compton events .

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



What contributes to the laboratory background?

Energetic muons

Radioisotopes in
the laboratory:
238 - daughters
232Th - daughters
40K

Detector

Neutrons from outside:
- cosmic ray
- (a,n) in rock

Red: Ey< 3 MeV
Green: Ey < 3 MeV and Ey >3 MeV
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Laboratory background at the Earth’s surface

Counts / keV h

P

T T T T T T T T T
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Energy / MeV

Natural radioisotopes Cosmic-rays, mainly muons

N
FTASA
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What contributes to the laboratory background?

Energetic muons

Secondary radiation:

. . electron-positrons; Radioisotopes in
Radioisotopes in bremsstrahlung detector and shield:

the laboratory: 238 - daughters
238 - daughters Passive shield 232Th - daughters
232Th - daughters %0Co

40K

Detector

Neutrons from outside:
- cosmic ray

Neutrons created in the - (o,n) in rock
passive shield or

laboratory walls by

muons (L,n)

Red: Ey <3 MeV
Green: Ey < 3 MeV and Ey >3 MeV
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Counts / keV h

Laboratory background at the Earth’s surface using passive shield

4-
10 HPGe spectra recorded at the
] surface of the Earth:
10° - :
g Black, no shield
102; Red, commercial lead shield
_-1||||||||||||| rrrrrJrrrrrrrrror
00 05 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
Energy / MeV

Factor of 20 — 80 reduction at Ey < 3 MeV

Lead does not do much at EY> 3 MeV.
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What contributes to the laboratory background?

Secondary radiation:
electron-positrons;
bremsstrahlung

Passive shield

Detector

Neutrons from outside:
- cosmic ray

Neutrons created in the - (o,n) in rock
passive shield or

laboratory walls by

muons (L,n)
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What contributes to the laboratory background?

Secondary radiation:
electron-positrons;
bremsstrahlung

\ Active shield

Detector

Neutrons from outside:
- cosmic ray

Neutrons created in the - (o,n) in rock
passive shield or

laboratory walls by

muons (L,n)
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Laboratory background at the Earth’s surface using active shielding

10 5

10"

counts f ke h

] 1 2 ] 4 f | 4] | T | 2
Energy / Mel
Factor of 3 — 4 reduction at EY < 3 MeV

Factor of 10 — 1000 reduction at EY> 3 MeV

Is it not enough?

DEBRECERN
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Is it enough?

Scenario Reaction EslkeV] |o[barn] |Detected
events/hour
AGB stars (80 MK) | *N(p,y)*°O 81 10-12 104

1 barn=10"2* cm?; assume 10'® h'l beam, 108 at/cm? target, 102 detection efficiency

Without background, for 10% precision one need 100 counts. With this count rare it
would take 115 years. This is practically impossible.

BUT approach as close as possible: Consider 100 times higher rate. (102 event/h)

Background Time needed to
count rate reach 10% precision
(event / hour) (years)

Without background 0 1.1

Typical overground settings with active shield 2*107? 5.7
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Laboratory background at deep underground
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Factor of 100 — 1000 reduction at Ey < 3 MeV
Factor of 1000 — 10000 reduction at EY> 3 MeV
Above 10 MeV practically empty background® /diGinkL
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Why to go underground, an example

Scenario Reaction EslkeV] |o[barn] |Detected
events/hour
AGB stars (80 MK) | *N(p,y)*°O 81 10-12 104

1 barn=10"2* cm?; assume 10'® h'l beam, 108 at/cm? target, 102 detection efficiency

Without background, for 10% precision one need 100 counts. With this count rare it
would take 115 years. This is practically impossible.

BUT approach as close as possible: Consider 100 times higher rate. (102 event/h)

Background Time needed to
count rate reach 10% precision
(event / hour) (years)

Without background 0 1.1

Typical overground settings with active shield 2*107? 5.7

Deep underground 4*104 1.2
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Attenuation of the laboratory background underground

Surface Felsenkeller Deep underground
Signals in a gamma detector
101 T ll T T ¢ Direct ionisation:
muions - _ _ _V_ e continuous energy deposit
1072 hneutrons from cosmic-rays ~ .
------- ~ ¢ upto100MeV
N
10° | RN N\ 1 e Inelastic scattering; continuous
o \ N energy deposit of several tens
g 10'4 neutrons produced \ \ - of MeV
— in rock by muons
2 5 + Inelastic scattering; continuous
o 107 : | energy deposit of several tens
[0) neutrons flom fissidn®and™(a,m) “V* = ° ° ° "QS " T ° ° °
I= 10° - | 1 of MeV
¢ Neutrons up to max 5-8MeV
107 F - but mainly thermalized
\ neutrons
10° 2 1 0 1 2 _— 4+ o Elastic, inelastic scattering, and
10 10 10 10 10 10 10

nuclear reactions producing

Depth/m. w. e max. ~10MeV y-rays

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



Attenuation of the laboratory background underground

Surface Felsenkeller Deep underground
10™ The issues are:
I | | |
muons _ _ l =  Energy loss of passing muons
10'2 Hneutrons fE)rn cosmic--ra)-fs = o = in the detector
T~ N . .
N, — Active shield

10° + N N\ .
w \ A 4
g 10™ Qeutfing produced \ N 4 = Interaction of cosmic-ray

In roc muons -
= Y nucleons in the detector
= 5| _
2 10 , — 10m rock
[0 neutrons ffof fissidn"afd™(d,m) “\* = = ° ° " T\ T 7 7 T
£ 10°F -
= (a,n) neutrons from natural
107 F - radioactivity in the walls
o ' — Passive shield
10 10" 10° 10 10° 10° 10°

Depth/m. w. e = Neutrons generated by muons
— 500m rock
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GEANT4 simulation of the signal of the cosmic-ray components in HPGe detectors

exp
sim

- — =sim, hard
----- sim, nucleonic
== gim, soft

T. Sz0cs et al, EPIA 51, 33 (2015)

—
o

R e L AR L LR RS n Ranny Lanay naans nanns I (Uny T T
5 10 15 20 25 30 35 40 45 50 55 @60 5 10 15 20 25 30 35 40 45 50 55 60
Energy [MeV] Energy [MeV]

¢ Overground the soft component dominates below 10 MeV
+ This component becomes negligible if a 15 cm thick lead shield is applied

N
MT. A

—=-
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What if active shielding is applied?

Surface Felsenkeller Deep underground
10 Veto factors
102k _ + 200-300
107 -
N“’ muons
g 10+ = e Y - + 50-80
- .H'\.‘.‘ -~ ~
_‘? 5 neutrons from cosmic-rays \. ~
8 10 i \- \ \4 v i
@ neutrons ffof fissidn®afd*(a,i) = ° ° ° ° \ """" ©o T
£ 10 peutrons produced ‘ i + 50-80
in rock by muons \
107 | -
\
10° - X ¢ No effect
2 1 0 1 2 3 4
10 10 10 10 10 10 10

Depth/m. w. e
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Need for higher-energy underground accelerator

NuPECC Long Range Plan 2010-2020:

“An immediate, pressing issue is to select and construct the next generation of underground accelerator
facilities. (...) There are a number of proposals being developed in Europe and it is vital that construction of one
or more facilities starts as soon as possible.”

Gamow peak for selected stable-ion reactions:
L A T LUNA 0.4 MV

- SHe(oy)'Be, Ty=0.01 2Ne(a,n)*>Mg, T4=0.35 .
"N(o)'®F, T4=0.15 126(12C,p)?3Na, T4=0.5

= Solar fusion
1 = Big-Bang nucleosynthesis
= Hydrogen burning

New underground accelerator
! |1 = Solar fusion

New underground accelerator

- ‘ > = Big-Bang nucleosynthesis
LUNA 0.4 MV / i s ) .
\ J \ = Helium burning
s — — = Carbon burning
0.04  0.07 0.1 0.2 0.4 07 1 2 4
Accelerator beam energy [MeV] AT prod uction and destru on

HTASA

dlomki

-
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Deep underground laboratories all around the world
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Background, in a typical HPGe detector A

in the Felsenkeller (45 m) e Mol

+ Combination of active veto and 45m of rock shielding gives
a factor of 500 background reduction

¢ Final value close to deep-underground background
T. Szlics et al, EPJA 48, 8 (2012)

@ Springer
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