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Why still study the Sun?

* Fundamental to understand stellar evolution
* Direct Impact on Earth

* The closest natural lab for nuclear and plasma
physics
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Structure of the Sun

* Sun’s energy is produced in the core

* Energy is transported outward through
the radiative and convective zones.
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Structure of the Sun

* Sun’s energy is produced in the core

* Energy is transported outward through
the radiative and convective zones.

Il Nuclear reactions in
the core of the Sun
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Solar proton-proton chain

Fundamental energy source
* Powers the Sun and similar main-sequence stars
* Responsible for ~99% of solar energy output
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Step by step: The pp-chain reactions

"H(p.e"v)°H "H(pe~v)2H
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A cornerstone of stellar evolution models
* Determine the rate of hydrogen burning the sun’s life

* Affect stellar structure, luminosity and temperature
* Provides the basis of SSM

* Precise reactions rate crucial for the models
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Observational evidence and diagnhostics

pp [+ 0.6 %]

"Be [+7 %]

pep [+ 1.2 %]

Neutrino detection 10"
* Solar neutrinos provide direct evidence of core fusion processes.

Solar neutrino flux
o
%

Helioseismology 107

HEEY
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* Solar oscillations provide info on the internal structure and validate theoretical
‘s . 10°
models of the Sun's core conditions and energy transport mechanisms. Neutrino energy [keV]

Abundance analysis !

* Spectroscopic measurements of isotopic ratios and element abundances trace
nucleosynthesis pathways and confirm reaction rates predicted by theory.

log A
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Precise nuclear reaction rate Yesterday from LUNN

.~ A. Formicola

* Direct cross section at stellar energies Ny (ov) = Ny iA 0 /a(E)E exp (—k—) dE
U B1’ Reaction | Eo[keV]
° . Gamow p+p 6
Very low cross section .

z:'::i:;?:n (linear scale) 3He+3He 22
. . . . SHe+%H 23

* Deal with low signal-to-noise ratio - e
‘Be+p 18
0 10 20 30 40 50 14N+p 27

Ecu b
/. ) Alexander von DRESDEN ﬁ
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Precise nuclear reaction rate

* Direct cross section at stellar energies Ny (ov) = Ny

* Very low cross section

* Deal with low signal-to-noise ratio

! |

Underground measurements
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Underground accelerator facilities

Felsenkeller (110 m.w.e)

Active (since 2019)

5 MV tandem (H, He, C, O, ..))

e

SURF (4300 m.w.e)
CASPAR

Active (since 2017)

1 MV single-ended, H, He

LNGS (3800 m.w.e)

LUNA 400

Active (since 2001)

0.4 MV, single-ended, H, He
LUNA MV

Active (since 2023)

3.5 MV, single-ended, H, He, C
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ChETEC

A

JPL (6720 m.w.e)

Active (since 2020)

0.4 MV single-ended (H, He)
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Felsenkeller shallow underground lab LUNN

* Located in Dresden, Germany

¢ System of nine tunnels
¢ Joint project: TU Dresden (Kai Zuber et al.) and HZDR (Daniel Bemmerer et al.) Fravenkrcre
¢ 24 h beam operation
¢ Surface operator room / offices

. Experimental room accessible with beam on target

Felsenkeller

TU Dresden

SIRY,

ks
* Alexander von DRESDEN
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Felsenkeller shallow underground lab

External ion-source

+ [Intensive 2C beam

+ Intensity of 20-30 pA

¥C

| Internal radio frequency

| ion-source

i W e — + Intensive °H and “He beams

| l fj‘_ ¢+ Beam current up to 30 pA

1_\1“:2 lA] 80 100 120 \ /
Tunnel IX
- Bunker for in-beam
experiments
Tunnel VIII Bunker for low-radiactivity
measurements 7 y . Alexander von DRESDEN ﬁ
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Vertical muon flux [m"2 57! sr"1]
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Felsenkeller shallow underground lab

107"

1072

107° |

1074

1078 Lo

Muon flux: 40x reduction

| - }‘—E|—| ‘Muoln daté,thd{/\)ig et al.l (201'9)'
rrrrrrr : ssendorf—-—---- V¥  Muon data, MACRO (1990)
| —— Barbouti et al. 1983

10 100 1000
Depth in meters water equivalent
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Neutron flux: 180x reduction

E:_-'uit'”s_-: ¢,|_||:T:-1:-»—: ( LETE-'

—— Felsenkeller 115/103 (data room)
—— Felsenkeller 115/111 (in-beam)

------- Felsenkeller 115/110 (activity counting)

—— Canfranc (revised)
............... Gran Sasso
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°H(p, y)°He reaction

Astrophysical motivation
* Big Bang nucleosynthesis

3He P!

%
py) (‘N

’ dl
. (n.y) d (d,p)

Deuterium abundance, constrains on cosmological
constants. High precision nuclear data required
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* Sun: Energy production

"H(p.e*v)?H "H(pe~.v)?H
99.762% 0.238%
pep
L —
ZH(prr}ED
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84.804% 15.180% lU.ﬂﬂDUEE%
i ]
*He(®He,2p)*He | | *He(wy)'Be *He(p.e*v)*He
hep
0.016%
i

"Be(e”v)'Li | | "Be(p.y®B

Li(p.c)*He 8B(e*v)®Be’

®B(o)*He

pp-I chain pp-Il chain pp-lll chain
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°H(p, y)°He reaction

State of the art

v High energy data agree within <1.2 % with LUNA fit in the
BBN range

v For E, > 400 keV (HZDR data) discrepancies of 10 %
between LUNA and HZDR

v No gamma ray angular measurement which might effect
ab-initio calculation available
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2H(p, y)*He reaction at Felsenkeller LUNN

Measurements

v Wide energy range measurement for overlap with low
and hig -energy data

v Solid target
v’ Several HPGe detectors

v Direct angular distribution data

STIFTU NG \\\\\\\\\\ CAMPUS

*
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H(p, y)°He reaction at Felsenkeller

Measurements

E, =375 keV, HPGe @ 90° “F(p.3y)“0

e

H(p,y)*He 7/
;"#’ 7
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Counts

8000 F000
E‘r [ke]
Cl'lET/E.C’ * ‘ Alexander von DRESDEN
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’H(p, Y)*He reaction at Felsenkeller | LUNN

See poster *
Preliminary results M. Lukyanova
o KL
0 = p— — Data points from 300 keV to 1200 keV
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H(p, y)°He reaction at Felsenkeller

See poster
Preliminary results M. Lukyanova
" Felsenkeller (2025) —e— | ]
Turkat (2021) —0—
Mossa (2020) —e—
Marcucci (2016) = - -
lliadis (2016) - -
Tisma (2019) —m—
Casella {2002; —o—i
10.0 Schmud 1997) —e—
- Ma (1997) —o—i
Griffiths (1963) +——
Griffiths (1962) —0—
* Further analysis are ongoing to define target
_ degradation and error budged
:
s * Comparison with new ab-initio calculations
[
@ 10 |
0-1 L L1 1111 L L1 1111 L1l
1 10 100 1000
E [keV]
7 [ Alexander von DRESDEN ﬁ
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*He(*He, y)’Be reaction

Astrophysical motivation
* Big Bang nucleosynthesis

‘Li production

Egen = 160 - 380 keV
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LUNN
* Solar neutrino flux
"H(p,e*v)°H "H(pe~,v)°H
99.762% 0.238%
pep
|
“H(p.y)*He
B4.804% 15.180% l 0.000025%
"' ]
He(®He.2p)*He | | He(wy)'Be SHe(p.e*v)*He
hep
0.016%
Y |
"Be(e"v)’Li | | "Be(p.y)®B
- ! *
"Li(p.c)*He 88(e*v)®Be
8B(a)*He
pp-I chain pp-ll chain pp-lll chain
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*He(*He, y)’Be reaction

Astrophysical motivation
* Big Bang nucleosynthesis

‘Li production

Egen = 160 - 380 keV
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* Solar neutrino flux
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*He(*He, y)’Be reaction

State of the art

5 06 " A Weizmann activation
ﬁ He(a!Y) Be [ | LUNA activation
,ﬁ'\ Seattle activation .
S ¢  ERNA recoil ]
7% 0 5: v Madrid activation ]
T + ATOMKI activation

I Higa et al. EFT - NLO
Zhang et al. EFT-NLO -
BRICK R-matrix .
0 4: BRICK R-matrix + scattering ]

i B
0'3 [ 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 | 1 1 | 1 1 1 1 1
0 500 1000 1500 2000 2500

E [keV]

Solar Fusion Il arXiv:2405.06470v1 (2024)
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*He(He, y)’Be reaction LUNN

State of the art

Lyl O T T T T. T T T " T T T T
Q A 'Weizmann activation . o N
] 0.6 Welzmann Madrid
E) He(a!Y) Be [ | LUNA activation . . s e
= Seattle activation . 0.55 otre Dame
S ¢  ERNA recoil ] Seattle i ATOMKI
%05 v Madrid activation - 0.5 = .., ERNA o Takics et al.
~r +  ATOMKI activation = o s
Higa et al. EFT - NLO : - 0.45
Zhang etal. EFT-NLO - i3 NCSMC - -
. gg:gi EEZI:? + scattering E 0.4  NCSMCpheno =—
04 - BSMCE, -
C { ¥§ E c,% 035 5 pheno
0.3 b T TEe
03: 0.25 |SUN BBN g .
- _I 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 I_ 2 - o am s T =
0 500 1000 1500 2000 2500 : = e
E [keV] 0.1 1

Eom. [MEV]

Solar Fusion Il arXiv:2405.06470v1 (2024) M.C. Atkinson et al. PLB 860 (2025) 139189

No data at Esu,

:

S factor extrapolations form
high energies

/-
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Solar Fusion Il arXiv:2405.06470v1 (2024)
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3 2 7 i LUNN
He(“*He, y)’Be reaction
State of the art
—_— O T T T T T T T . L T
~ A 'Weizmann activation | O — Medrid o
E; He(OC,'Y) Be m  LUNA activation ] 0.4 F—— ’
oy Seattle activation s 0.55 LUNA m  Notre Dame
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? 0.5} v Madrid activation - — 0.5 ps-..._ _ : ERNA ol Takics et al, i
T +  ATOMKI activation > t-
Higa etal EFT-NLO ] £ 045k
Zhang etal. EFT-NLO - i3 NCSMC - -
i BRICK R-matrix ] E 04 N(.-‘Lflih"l[-_-‘p]l. o —
i BRICK R-matrix + scattering - —
04 SN s
i { ¥§ El'% 0.35 b NCS (’p}unn
0.3 | T T
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0 500 1000 1500 2000 2500 L : e
E [keV] 0.1 1

Ec.m. [M'E!v]
No data at Esy, M.C. Atkinson et al. PLB 860 (2025) 139189
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*He(*He, y)’Be reaction HUNT
State of the art
Theory show correlation of the angular distribution coefficients and S(0)
................................................. o/(E.8) = 6/(E) [1 + ad(E) Pz(cos 6)]
513__ ........................................................................... :
> 1 .= < =y [
193" , e 0.14 ‘:'
............................................................ S o2k
IR o [*] .
iy e = 010
1—E ............ % 0.08 :'-
oo § (2 0.06 :
NERE .-
Ang,;“[‘i}zowo T eV n.mo'f.sz.
| S(0)(keV b)
Tombrello et al., Phys. Rev. 131, 2582 (1963) Xilin Zhang et al 2020 J. Phys. G: Nucl. Part. Phys. 47 054002

Angular distribution measurements needed!

Ykl *
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*He(*He, y)’Be reaction

State of the art
Theory show correlation of the angular distribution coefficients and S(0)

o'(E,0) = 6'(E) [1 + a2'(E) P2(cos 0)]

E 134 . T
> 1 T e e :I ....
P . g e 0.14
e - U :
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, S o002f
RECy $ . U s .
R = 0.10F
gy . e vy :
. % 0.08 F
09 N D 0'% :-
...................... ’ :
08" & o i
_ 4 .
160 :
'4’79/14(:,120100 1 N 0.00 b
e[y 80 oo " Eom\Me \ e
20 0 01 i
: See Talk from

S(0)(keV b)

7A Guglielmetti
Tombrello et al., Phys. Rev. 131, 2582 (1963) Xilin Zhang et al 2020 J. Phys. G: Nyg],./art. Phys. 47 054002

Angular distribution measurements needed!

Ykl *
CHhETEC * Alexander von DRESDEN ﬁ .
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*He(*He, y)’Be reaction

How can we deal experimentally?

Ajﬂ E[MeV]A
712” 4.57
¢ Measuring directly the prompt y-rays from the de- . .
excitation into the ground state of 'Be LA o1
¢ Activation analysis of the radioactive 'Be at low-
background counting facility reem—— Ur 0429
Q = 1.587 MeV Yo "
* Indirect approaches 2
3/2° 0 T
"Be \”2‘ /27 0.478
Q =-0.862 MeV l%
3/27 0

DRESDEN

CHET/E.C Alexander von ﬂ .
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*He(*He, y)’Be reaction at Felsenkeller LUNN

Experimental setup

* ‘He beam (1= 13-15 pA)

* 22 HPGe detectors (four HPGe cluster + 2
single crystal)

* LN, target cooling.

* Implanted *He target on Ta backing (2.7E17
atoms/cmz2)

* Lead shielding for lab background reduction
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€, =0.470 MeV, 0.580 MeV, 0.92 MeV

€0 =36, 57, 90, 120 and 145 degree
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*He(*He, y)’Be reaction at Felsenkeller LUNN

Experimental spectra Angular distributions
— 10°
t‘—J‘ T 2 [ 1 1 1 1 1 1 1 1
% S [ Een=5546kev.
> 5 5 -8 ' : : i i i i o
10 3
> —
- o
104 3 C
= >
10° ==
- [ ROl for g.s. y-ray
102 E— [ ROIfor e.s. y-ray
= —— Eon=1217.1keV - : : : :
— —— En=901.2keV 0.4 e """""""" """"""" s 14 @, cos?(x) +a cos(x)[
10 |— E,,=554.6keV . - : Tombrello (1963)
= — E_,=447 4keV 0.2 - 2 indf=1220/9] | —— Zhang (2022)
: - 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 1
1 —1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 ﬂﬂ 20 40 60 80 10{] 12{] 14{] 160 180
500 1000 1500 2000 2500 3000 Angle []
E, [keV]
S. Turkat, PhD thesis (2024)
f "® Alexandervon DRESDEN ﬁ - —
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*He(*He, y)’Be reaction at Felsenkeller

0.6

0.4

0.2

IIIIIIIIlIIIIIII_

Preliminary

* Good agreement with theory for
ai

* Larger discrepancies for a;

04 w a, (This work) See poster
¢ a, (This work) ~ P. Hempel
—— a4 (This work)
-0.6 —— a, (This work)
------- a, (Tombrello)
0.8t a, (Tombrello)
_1_||||||||||||||||||||||||||||:|||||
'8.0 0.5 1.0 1.5 2.0 2.5 3.0
E cm [MeV]
- @ Alexander von
. , ‘ . ChETEC =Y presoen \ = m—
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*He(*He, y)’Be reaction at Felsenkeller LUNN

What else experimentally?

See talk
~ G.Imbriani

* Cross-section measurements at lower energies
(intense alpha beams + stable targets)

Differential pumping stages and collimators

| T -
¢ Gas-jet target for cross section and angular g | ;
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Solar pp-chain and other H-burning

pp chain CNO cycle
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LUNN

Solar pp-chain and other H-burning
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12, 13C(p, y)** “N reaction

Astrophysical motivation

" Reactions of the CNO cycle
- Govern 12C and 3C amount in the stellar cores
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" The 2C/*3C ratio: obtained from stellar spectra
" Asymptotic Giant Branch (AGB) undergo heavy mixing

" Precise ?C/*3C ratio in the core can constrain the
mixing models

CO degenerate

core \

Intershell region:

about 75% “He
about 22% '°C
about 2% 2Ne

<1%'"%0

/

Helium burning shell
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12, 13C(p, Y)13, 14N reaction LUNN

Measurements
" At low energies at LUNA, Gran Sasso, Italy
HPGe setup BGO setup
o > Almost 41t geometry

» Segmented in 6 different crystals
> Target check with HPGe at 55°

/ g

Water Cooling

LI, Gl Trep Lead Castle

J Skowronski et al 2023 J. Phys. G: Nucl. Part. Phys/. 50 045201

ChETEC ¥ Alexandervon
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12, 13C(p, y)** “N reaction

Measurements
" At E, > 400 keV energies at Felsenkeller, Germany

* Sever HPGe detectors at different angle

* LN cooled targets for the p+ 2C campaign

* Water cooled targets for the p+3C campaign
* Pb shielding for further background reduction

* Angular distribution data available
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12, 13C(p, Y)13, 14N reaction LUNN

Results

2C(p, Y)°N “C(p, V)N
1 ——— e F———— e e =

1014 ¥ King et al. (1994) i Vogl PhD. (1963) + Zepsetal (1995)
Genard et al. (2010) ¢ Hester et al. (1961) ¢ This wWork

2 | . a , Felsenkeller b %
LN PRC 107, LO62801 (2023) [ By ‘; -
o LUNA Italy Ay

PRL 131, 162701 (2023)

| v ATOMKI (2023)
10 s prmemrsearamen i
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107'4 ¥ Kingetal (1994)

= - 5 ¥ King et al. (1994)
5 10-2{ & Thiswork  _@RE £107'% ¢ This Work
0L Sun "~ H-He lntershell ........................... T, =L N L z z
R RTIV'S 90MK | T gt i ¥ :
: E %0 01 02 03 oa m 07 08 E %o 0 0.2 ’ 0 4 05 06 07 0.8
0 1 00 200 300 400 500 600 Center-of-Mass Energy [MeV] Center-of-Mass Energy [MeV]
Elkev] J Skowronski et al. Phys. Rev. C 111, 064611 (2025 )
Good agreement low energy - high energy!
Systematic uncertainties of 7 - 9 % (stopping power dominated) ‘ Experimental effort needed
- ), Alexander von DRESDEN f‘
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“N(p, y)*°O reaction: Bottleneck of the CNO cycle HUNA

= - = | |
Astrophysical motivation — Thiswork e Lietal. (2016)
2 - Runkle et al. (2005) ¥ Schroder et al. (1987)
-—- Azuma et al. (2010) (I=0) $ LUNA
130 (P,7) m ----- Azuma et al. (2010) (1=0,2) ¢ Runkle et al. (2005)
g N1 | (N Adelberger et al. (2011) # Lietal (2016)
A

“N(p,y)=0 is the

Factor (MeV b)
[
9

B P glowest reaction of
. o the CNO cycle ¢ 107
() B = | | | | |
0.0 0.1 0.2 0.3 0.4 0.5 0.6
(p.o) 15'N CoM Energy (MeV)
12C <«

Frentz et al. PRC 103, 045802 (2021)

* Determine age of the Universe from globular clusters
* Use CNO neutrino flux to probe the interior of the Sun _
Courtesy R. Depalo, R. Sariyal
Finanziato # ™ Ministero 693,/% | UNIVERSITA
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Y * 7. Alexandervon RESDEN
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“N(p, y)*°O reaction: Bottleneck of the CNO cycle LUNA

E, [keV]
E*=E_+Q — 7556 1/2*
7276 72" TABLE IX S114(0) as the sum of the different transitions.
YN+p 7297 kev .
R Transition S114(0) (keV b) AS114(0) Reference
6792 3/2" tr - 0 0.30 + 0.11 37% Present
tr — 6.79 1.17 4 0.03 2.9% Present
j 6172 32 tr — 6.17 0.13 £ 0.05 38% SF 11
tr — 5.18 0.010 &+ 0.003 30% SF 11
tr(5.24) — 0 0.068 &+ 0.020 30% SF 11
R-matrix sum 1.68 £+ 0.13 7.6%
5241 5/2* Additional syst. uncert. 3.5%
| 5181 12 Total 1.68 & 0.14 8.4%
e Y i, Solar Fusion IIl arXiv:2405.06470v1 (2024)

Courtesy R. Depalo, R. Sariyal

SOCIAL Finanziato N Ministero UNIVERSITA
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“N(p, Y)*O reaction: Bottleneck of the CNO cycle HUN
] See Talk from
New experimental measurements A. Formicola * 41t geometry

* At high energies, providing also angular distributions * 6 different CrySt:&'S
by LUNA @IBF, Gran Sasso, ltaly * Target degradation under control

* Atlow energies (125 — 400 keV) at LUNA 400 kV

Yield
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a20
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- PR R Ll bk skal Y P PR T |
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LUNA 400 kV accelerator

Courtesy R. Depalo, R. Sariyal

SOCIAL Finanziato ¢ % Ministero 05/ | UNIVERSITA
) dall'Unione europea ﬁ A dell’Universita Haliadomani 2 - DEGLI STUDI I N F N
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“N(p, y)*°O reaction: Bottleneck of the CNO cycle HONA

New experimental measurements

=
. :-. ®  Wagner
* At low energies (125 — 400 keV) at LUNA 400 kV T 10t Y
= - v Imbniani (2005)
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“N(p, y)*°O reaction: Bottleneck of the CNO cycle LUNA

New experimental measurements

= B ¥
- 0 ®  Wagner
* At low energies (125 — 400 keV) at LUNA 400 kV T 10 v
= — v Imbriani [2005)
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\ Further experimental effort is raylkeVl
’ still needed to push down Courtesy R. Depalo, R. Sariyal

=
=

project NexiGenerationEU “%& edellaRicerca DI MILANO

SOCIAL Finanziato # " Ministero UNIVERSITA
N ini | e N i e : - *
dall’'Unione europea c iy dell’Universita i 1] [;][l(;]|;;|1[] 2 DEGLI STUDI I N F N

7~y
42 01.07.25 Eliana Masha | Solar pp-chain reactions studied underground | Bad Honnef July 2025 CHE.{EE::RA

Alexander von DRESDEN ﬁ = —
HUMBOLDT  =reest (¢ i = =
STIFTUNG = ‘oo Sanpus g




Summary

Solar pp chain is the main source of energy in the Sun

Precise nuclear reaction rates are at stellar energies are
essential to understand energy production and evolution

Underground experiments (LUNA, Felsenkeller and others)
provide direct measurements at stellar energies.

Efforts aim to extend measurements to lower energies,
improve angular distributions are needed

()

Laboratory for Underground Nuclear Astrophysics
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