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Hydrogen / 'H

Helium / 4He




8Be

Half-life of 8Be 1s 7~10-17s

1He + 4He = ¢Be




This sequential fusion process is called the
triple-alpha process.

The process occurs 1n three temperature
regimes, where the medium temperature
regime contributes the most to the
production of 12C.

At medium stellar temperatures between
0.1-2.0 GK, the triple-alpha process 1s
mediated through the resonant excited
state called the Hoyle state.

Sir Fred Hoyle (1915-2001)

Accurately predicted the
existence of the Hoyle state
and 1ts properties 1n 1954,
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6 https://WWW.britannica.éomb0 graphy/red—Hoyle
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The width of the Hoyle state:

Describes the probability of
decaying to stable 12C
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The width of the Hoyle state:

Essential for calculating the
reaction rate of the triple-a process
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The radiative width of the Hoyle state 1s difficult to ‘x S~

measure directly 4He w ,
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The radiative width of the Hoyle state 1s n He
experimentally inaccessible directly, but 1t can be
deduced indirectly with three independently h S~ tx
measured quantities as ‘

4He
3Be \
I'=T1q+1'vaq \
E0 , Absolute pair-decay 12
s [FW ] width
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The radiative branching ratio can be measured ‘x ~__
directly by either measuring surviving 12C nuclei

\x

) : ) 4
in the reaction, or by measuring the y-decay He
branching ratio and the pair-decay branching ratio SBe \ \
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Previous measurements of the radiative branching ratio of the Hovle state
Surviving recoil 12C

Seeger (1963)
Hall (1964)
Chamberlin (1974)
Davids (1975)
Mak (1975)

Markham (1976)
Tsukuba (2021)
Luo ( 2024)

Dell’ Aquila (2024)
Rana (2024)

Combination of y-decay and
pair-decay branching ratio

Alburger (1961)
Obst (1976) [9]

Rana (2024)

Alburger (1961) : P

Seeger (1963) —O—i
Hall (1964)

Chamberlin (1974)
Davids (1975)
Mak (1975)
Markham (1976)
Obst (1976)

Adopted value Kelley (2017): 4.16(11)

Tsumura (2021) PN
Luo (2024) ¥
Dell'Aquila (2024) °
Rana (2024) "
I 2 3
[ rad /T le—4
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The measurement by Kibédi ez al.

PHYSICAL REVIEW LETTERS 12§, 182701 (2020)

 Performed at The Oslo

Cyclotron Laboratory in
2() 1 4 Radiative Width of the Hoyle State from y-Ray Spectroscopy

T. Kibédi ,1’* B. Alshahrani ,1’“ A. E. Stuchbery ,1 A.C. Larsen ,3 A. Gorgen ,3 S. Siem ,3 M. Guttormsen ,3
F. Giacoppo,3’*t A. 1l Morales ,4’§ E. Sahin,3 G. M. Tveten,3 F.L. Bello Garrote,3 L. Crespo Campo,3

® Mﬁasured the y-decay T.K. Eriksen®,” M. Klintefjord,” S. Maharramova®,” H.-T. Nyhus,” T. G. Tornyi®,>”"!
. i T. Renstrgm,” and W. Paulsen’
branChln g I‘atlo Of the 1Department of Nuclear Physics, Research School of Physics, The Australian National University,
Canberra, Australian Capital Territory 2601, Australia
Hoyle State. 2Departmem‘ of Physics, Faculty of Science, King Khalid University, Abha 61413, Saudi Arabia
3Department of Physics, University of Oslo, N-0316 Oslo, Norway

4Diparz‘imento di Fisica dell’Universitd degli Studi di Milano and INFN-Milano, 20133 Milano, Italy
SInstitute of Nuclear Research, MTA ATOMKI, Debrecen H-4026, Hungary

» Initial results by
B ) AlShahranl agree Wlth The cascading 3.21 and 4.44 MeV electric quadrupole transitions have been observed from the Hoyle
preVIOuS adopte d Value . state at 7.65 MeV excitation energy in '?C, excited by the ?C(p, p’) reaction at 10.7 MeV proton energy.

From the proton-y-y triple coincidence data, a value of I',4/I" = 6.2(6) x 10~* was obtained for the
radiative branching ratio. Using our results, together with I'2° /T" from Eriksen et al. [Phys. Rev. C 102,
024320 (2020)] and the currently adopted I',(EOQ) values, the radiative width of the Hoyle state is

- Re anaIYSIS Irc SUlted 11N thls determined as I';,y = 5.1(6) x 10~ eV. This value is about 34% higher than the currently adopted value
. and will impact models of stellar evolution and nucleosynthesis.
PRL 1n 2020.

DOI: 10.1103/PhysRevLett.125.182701

® (Received 18 December 2019; revised 26 July 2020; accepted 22 September 2020; published 27 October 2020)
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The purpose of this project

PHYSICAL REVIEW C 112, 015803 (2025)

Remeasuring the y-decay branching ratio of the Hoyle state

W. Paulsen®,2" K. C. W. Li®,2 S. Siem ©®,"? V. W. Ingeberg ®,"? A. C. Larsen®,"? T. K. Eriksen ®,%3
H. C. Berg®,!" F. L. B. Garrote ®,! D. Gjestvang ©®,"> A. Gérgen ®,> M. Markova ©,"? V. Modamio, '+?
E. Sahin®,"? G. M. Tveten,' and V. M. Valsdottir'-?
! Department of Physics, University of Oslo, N-0316 Oslo, Norway
2Norwegian Nuclear Research Centre, Oslo, Norway
3Department of Radiation Protection and Physics, Sector NUK Kjeller, Institute for Energy Technology, N-2007 Kjeller, Norway

M (Received 31 May 2024; revised 21 March 2025; accepted 13 May 2025; published 2 July 2025)

Background: The radiative branching ratio of the Hoyle state is crucial to estimate the triple-« reaction rate in
stellar environments at medium temperatures of 7 = 0.1 to 2 GK. Knowledge of the y-decay channel is critical
as this is the dominant radiative decay channel for the Hoyle state. A recent study by Kibédi et al. [Phys. Rev.
Lett. 125, 182701 (2020)] has challenged our understanding of this astrophysically significant branching ratio
and its constraints.

Purpose: The main purpose was to perform a new measurement of the y-decay branching ratio of the Hoyle
state to deduce the radiative branching ratio of the Hoyle state. An additional objective was to independently

Purpose: The main purpose was to
perform a new measurement of the
v-decay branching ratio of the Hoyle
state to deduce the radiative branching
ratio of the Hoyle state. An additional
objective was to independently verify
aspects of the aforementioned
measurement conducted by Kibédi et al.

[Phys. Rev. Lett. 125, 182701 (2020)].

verify aspects of the aforementioned measurement conducted by Kibédi et al. [Phys. Rev. Lett. 125, 182701
2020)].

Method: For the primary experiment of this work the Hoyle state was populated by the '2C(p, p') reaction at 10.8
MeV at the Oslo Cyclotron Laboratory. The y-decay branching ratio was deduced through triple-coincidence
events, each consisting of a proton-ejectile energy corresponding to population of the 0; Hoyle state, and the
subsequent cascade of 3.21 and 4.44 MeV y rays. To verify the analysis, a surrogate y-ray cascade from the
0 state in 28Si was also studied. Following the same methodology, an independent analysis of the 2014 data
published by Kibédi et al. [Phys. Rev. Lett. 125, 182701 (2020)] was carried out.

Results: From the main experiment of this work, a y-decay branching ratio of the Hoyle state was determined as
[79/T7% = 4.0(3) x 1074, yielding a radiative branching ratio of I'n,q/I" = 4.1(4) x 10~*. The independent
reanalysis of the 2014 experiment published by Kibédi et al. [Phys. Rev. Lett. 125, 182701 (2020)] in this work
yielded I /T'7% = 4.5(6) x 10, with a corresponding radiative branching ratio of I'y,q/I" = 4.6(6) x 107*.
Conclusions: The radiative branching ratio of the Hoyle state reported in this work is in excellent agreement
with several recent studies, as well as the previously adopted ENSDF average of I',,q/I" = 4.16(11) X 107%. In
this work, several issues were found in the analysis of Kibédi et al. [Phys. Rev. Lett. 125, 182701 (2020)], with
the corrected values no longer being discrepant with the ENSDF average.
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Experimental equipment
S1R1 CACTUS OSCAR

Guttormsen et al. (2011) [11] Guttormsen et al. (1990) [12] Zeiser et al. (2021) [13]
https://doi.org/10.1016/j.nima.2011.05.055 DOI 10.1088/0031 :§49/19_90/T 32/010 https://doi.org/10.1016/j.nima.2020.164678
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o Silicon Ring (SiRi) particle telescope e 26 Nal detectors (57 x57) e 30 LaBr; detectors (3.5 x 8”)

e FEight trapezoidal dE-E detectors e Collimated with 10 cm of lead  No collimation

e Backwards position: theta = 126°-1400, 2¢ intervals e Each detector subtending a solid angle of ~0.63% of 47 e Each detector subtending a solid angle of ~1.9% of 47
e Front position: theta = 400-54¢, 20 intervals e Total gamma-ray efficiency (1.3 MeV) ~ 14.1%  Total gamma-ray efficiency (1.3 MeV) ~ 56%

e dE-detectors 130 um, E-detectors 1550 um e Distance from target 22 cm e Distance from target 16.3 cm
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How can we measure the y-decay branching ratio of the Hoyle state?

9.64 3
Amount of particles populating the
Hoyle state resulting in the desired
gamma cascade 12C(p, p’v172) |
X Correction __ /T 7 37 7.65 0+
factors /4 Be + o
Total amount of particles 628 3
populating the Hoyle state 3915 MeV

12 ’ +p’3a+... .
Cp, p'yiy2tp3a+...) 108 OF
.44 42+ 4.62 | 4+

Same measurement: Two different equations to obtain I'y/I’
3.20 MeV
A F$2 ' 4.44 MeV 1.78v 2+
765  AT7.65 7.65
A Ninclusive X €321 X €444 X Cdet X WO2O LTS MeY
v 0+ \ 4 0t
I 12C I 28Si
7.65 7.65 4.98 4.98 4.98
LS Noso Ninclusive €178 _ €320 _ Wosg Cdet

= : X == X —— X g5 X A
4.98 7.65 7.69 7.69

B
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How can we obtain the triple coincidences from the Hoyle state?

Amount of particles populating the Correction factors depend on 765 0
Hoyle state resulting in the desired how triple coincidences are :

gamma cascade 12C(p, p’y172) obtained

1

7.65
€321 X €444 X Cdet X Wisg

7.05
N 020 3.215 MeV

: : : : . 4.44 w2
Same measurement: Two different techniques to obtain triple coincidences

Y-y method: Gate on proton and one y ray and obtain

the yield from the other. 4.44 MeV

Summed-y method: Gate on proton and both y rays

summed together. 12C




2C(p,p’°) . Extracting triple-coincidence yields

Summed-y method Y-y method
3o gate around E, = 7.65 MeV and diagonal following the Compton 3o gate around E, = 4.44 MeV from Hoyle state cascade of
scattered E, = 4.44 MeV y ray from the Ex = 4.44 MeV 21" in 12C. the Ex = 7.65 MeV 0, in 12C,
9 = = 10*
—= 10* -
8 i: ~ N Py
2 2

= 4 103
g 103 Q S
E 6 X X
Sp 5 Z’ E
g 2
O e 109
E 4 102 <
7 & 2

3 5 -

1} 1

O L1 | | I I | I I I | | I I | | I I | I I I | I | I I I | I | | I I I | 1 O 1L 11 1 | L 11 1 | | 11 1 | 1 11 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 11 1 | I I 1

0 1 2 3 4 5 6 7 8 9 O 05 1 15 2 25 3 35 4 45 5

E y [MCV] E y1 [MGV]
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2C(p,p’) 2014: Extracting triple-coincidence yields

Summed-y method Y-y method
3o gate around E, = 7.65 MeV and diagonal following the Compton 3o gate around E, = 4.44 MeV from Hoyle state cascade of
scattered E, = 4.44 MeV y ray from the Ex = 4.44 MeV 21" in 12C. the Ex = 7.65 MeV 0, in 12C,

_,_? T = 103
5 # =10° 4.5¢ -
X i 41 .
"""""" ~ E §
AR e S R A e % 35 - 3
> p =
5 102 \% —_— 3 M
E 6 X % - ;
gy 5 o = 25 = £
o < N = === S
E 4 - 2 o 2F 46 === (b) I
g '1 [ I:I. ; ;l: i I L':: =~ N ::_ e :_—_ — ;
H z 1.5F = 5= =" - =
A 3 105 - 44 “%*ﬁ_i- 3
® 1F T e ©
2 u _ — —_— -
1 OSER (a) 3 32 34 |
_l 111 (I?‘l) L1 l L1 I L1 1 I L1 11 | L1l l L1 11 l L1 11 l L1 11 l I O :l L1 1 I |11 1 I I | | | I . | | I . | | I | I | I .| | I | | I | | I .| 1
T A B 1 0 05 1 15 2 25 3 35 4 45 5
E, [MeV] E, [MeV]
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Measurements in this work and analysis pipeline

2012 2012 2014 2014 2019 2019 2020 2020

lzC(p,p’)lzC + 12C(p,p’)12C
2" at E_= 4.44 MeV 2 at E_=4.44 MeV

at EX =7.65 MeV

+ 12C(p,p’)12C ZSSi(p,p’)ZSSi
2, atE_=4.44 MeV 2, atE_=1.78 MeV

0

2

. : 0,atE_=7.65MeV 0, at E_=4.98 MeV
*Si(p, p’)" Si

28..,. 28 . .
2" atE_=1.78 MeV T Si(.p) S Psi(p, p))”si PCp,p)C
0 at E_ = 4.98 MeV 2, atE, =178 MeV 2, atE =178 MeV 2! at E_= 444 MeV

0,atE_=4.98 MeV 3 at E_=6.28 MeV
3, atE_= 628 MeV

Generate Y-y matrices and summed-vy

Energy and time calibration of Determine measured and simulated . ;naprices. . D;: term}ilpe y-de;cay
ga:tlctle deltaecttorsi[ and Y-Iie(liy absolute photopeak efficiencies. Extract triple-coincidence (p-y-v) yields. ranching ratios
etectors. Extracting vields i - — —
2 Determine measured gated Determine measured angular distribution Determine “Obst
and correlation correction factors for the ratio”

various Yy-ray transitions.

from particle spectra. efficiencies for both gating on
individual y rays and summed-vy rays.

Analysis work flow
20



The effect of gating on a y-ray on the definition of efficiency

When extracting the y-decay branching ratio
using triple coincidences, the y ray being gated

on must be defined as a gated efficiency, and

not as absolute photopeak efficiency.

E2 7.65
F7 NO2O

765 7.65 7.65
I Ninclusive X X €4.44 X Cdet X WOZO

Depending on the resolution of the detectors,
events within the gate might fall outside the

absolute photopeak, but will still yield valid
triple coincidences: These events must be

accounted for.

Counts / 10 keV

COCO HrHmm= OCO0O0O000O
=] SN e N TN SN s Ve N S TV NT Yo Y [0 Vo

x10°
2: (c) Gated on 0* at E, = 4.98 MeV, “Si(p.,p") 2012
%: : | E
= .  CACTUS
: 4 'w“‘ B
= (d) Gated on 0* at E, = 4.98 MeV, %Si(p,p') 2020
. = JY | OSCAR
~ 2800 3000 3200 3400 3600
E, [keV]
—— Data = Total fit | Peak component of total fit

21

Background component of total fit

- -=- 30 gate range
B Uncorrelated background component of total fit




The effect of gating on a y-ray on the definition of efficiency

When extracting the y-decay branching ratio X 10°
= + _ 12 v
using triple coincidences, the y ray being gated 3 g = (e) Gated on 2 a}t Ey=4.44 MeV, Cl(p,p ) 2014
on must be defined as a gated efficiency, and 23 E:
not as absolute photopeak efficiency. > 1.5E- | CACTUS
2 1E : :
= 0.5 : o
LR N85 § zglg §: (f) Gated on 2 at E, = 4.44 MeV, 2C(p.p') 2019
oo Nizofl?lsive X €3.21 XX Cdet X I/VO72.85 8 BOE— :
25E-
20E- OSCAR
15E-
Depending on the resolution of the detectors, 10 E;I,JJJ_LLL.I‘\
5 —
events within the gate might fall outside the = . L — —_—
4000 4200 4400 4600 4800 5000
absolute photopeak, but will still yield valid E, [keV]
triple coincidences: These events must be — Data — Total fit Peak component of total fit
Background component of total fit ---- 30 gate range
accounted for. B Uncorrelated background component of total fit

22



The effect of gating on a y-ray on the definition of efficiency

x10°
%‘21 (a) Gated on 2" at E,=1.79 MeV, lZSSi(p p') 2012
10 ' 5
Since this effect is energy dependent, validating 8 " CACTUS

with the 0*—27—0" cascade 1n 2851 will yield

results consistent with literature value even

A\
III|III III|III|III|III|III|III|III|I

(b) Gated on 2+ at E, = 1.79 MeV, *®Si(p,p') 2020

without taking this effect into account.

Counts / 10 keV
-

10E- : :
T £2 V498 = : :
4798 = . 020 — =1.0 25_ : : OSCAR
A% Niduse X[€178 ¢ €320 X caet x We3d aE
25 K
0-':""““ T . e
1400 1600 1800 2000 2200
E, [keV]
—— Data  —— Total fit | Peak component of total fit
Background component of total fit ---- 30 gate range
B Uncorrelated background component of total fit
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Results of this work: Radiative branching ratio of the Hoyle state

Original result as published

Published result 1s excluded

Indirect measurement utilizing
I'n /T from Kelley et al. (2017)

Indirect measurement utilizing
I'n / I from Eriksen et al. (2020)

(Adopted value uncertainty reduced
from 9% to 5%)

F]rad E ng (1 T atot) =+ Ffo

I

I

Alburger (1961) : TN
Seeger (1963) —O)—
Hall (1964) : P
Chamberlin (1974) —@—
Davids (1975) —@—
Mak (1975) ——
Markham (1976) —@—
Obst (1976) s
Adopted value Kelley (2017): 4.16(11) @
Kibédi (2020) O
Tsumura (2021) : ®
Luo (2024) —@—
Dell'Aquila (2024) : PA
Rana (2024) ——
Paulsen 2014 measurement (2025) : A
Paulsen 2019 measurement (2025) —
i 2 3 4 5 6 7
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Corrections to Kibedi ef al. (2020)

Throughout the reanalysis of the 2014 measurement, several necessary corrections to Kibedi et al. (2020) [9]

were discovered.

The absolute photopeak efficiencies presented 1n the Kibedi ef al. (2020) [9] are not absolute, but relative.

e Efficiencies in Kibedi ef al. (2020)

9] are simulated using PENELOPE.

e Approximately a factor \/5 difference from the experimental efficiencies obtained 1n this work.

The detector combinations used by Kibédi ef al. (2020) [9] was cdet = 325. The true number of detector

combinations should be c¢get = 650.

The relative photopeak efficiencies utilised in all results by Kibedi ez al. (2020) [9] did not take the events

in the smooth Compton continuum into account.

7.65
NOQO

— AT7.65 7.65
' Nionsive X €321 X €144 X Caet X Wisg

X — X — X X

— X
4.98 7.65 ”/'7.65 7.65
I N, 020 N inclusive €4.44 €3.21 020 Clet

7.65 7.65 4.98 4.98 4.98
B L™ Ny Ninelusive . €178 €320 _ Wosg Cdet
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Summary

e A new measurement of the gamma-decay branching ratio of the Hoyle state in 12C was performed at OCL.

e The results agree well with the previously adopted value from Kelley et al. (2017) of I', ,/T" = 4.16(11) X 10~

e A reanalysis of the data published by Kibedi ez al. (2020) was performed.
e Scveral necessary corrections to the results published by Kibedi ef al. (2020) was found.
® The source of the discrepancy 1n Kibeédi et al. (2020) was discovered; the main contribution to the discrepancy
originates in the efficiencies utilised.

e The scientific community has successfully reduced the uncertainty of the radiative width of the Hoyle state further.
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Advanced Measurements In
CArbon-fusion REactions:
Cross-section Measurements
and Branching Ratios

AMICARE

A FRIPRO international
mobility project




The Researc h . ,
Council of Norway Norsk The Project Databank » Login Q Search m

-Started 01.05.2026, ends:
30.04.2030.

*“The main objective of this call is
career development and
independence for a researcher
at the start of their career. You

, . , NOK 40 000 000. The FRIPRO scheme's annual budget of up to NOK 1,3 billion is
Relevant thematic areas for this call: Ground-breaking research , .
tentatively divided between our three open-ended calls for proposals: (Three-Year)

| ]
g et t h e O p p O rt u n Ity tO I ead yO u r Target groups: Research organisations Researcher Project with International Mobility (FRIPRO), Researcher Projects for

Early Career Scientists (FRIPRO) and Researcher Projects for Experienced Scientists
(FRIPRO).

own research project and spend
1-2 years at one or two foreign
research organisations. “ |

Create application




AMICARE

LINIVERSITA DEGLISTUDI DI NAPOL

UNIVERSITY FEDERICO ]

OF OSLO

* First two years at University of Naples Federico |l in Italy, project collaborator is
professor Gianluca Imbriani, part of the LUNA and ERNA collaborations.

 Will perform two carbon-fusion measurements at Centre for Isotopic Research on
Cultural and Environmental Heritage (CIRCE) in Caserta, Italy.

»Last two years | will spend in Norway, performing
experiments at the Oslo Cyclotron Laboratory,
continue developing my research career and try to

apply my experiences here.

*However, this grant is designed so | can change my
plans as | go along.
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AMICARE Work Package 1: 12C+12C
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The various phases of stellar fusion and the final outcomes

/

’,

Electron ’
s“c-pmﬂ Core Collapse Smrnovl?
5 Super-AGB Phase | Burn Ne and beyond <
E IIIIllIIIIllIIIIllIllIIIIIIIIIIIIIIIIII‘IIIIII .
S Asymptotic Giant Branch (AGB) Phase : con c Btlllng : 2 _.f<;-f;';;;;;.. o e .
= [ | PSS : : 4 H
o = ' 0
\a Il'l" '. == !llll lll.lIllIl?llllkn‘;llﬂrh%ll.:’llllll |
Core He Burning E Core He Burning E E Core He Burning %
1 ' 1 .
; | : : g
1 ] 1 ’
; Core H Burning : Core H Burning : : Core H Burning
- - : : : :
' : Y ! T Y Y )
' 1 ’ 1 ' 1 1 1 . >
M/M 0.013 0.08 0.5 0.8 2,2 e 35 0 25 nitial stellar mass
' : ! lower intermediate : middle intermediate y meseive -
' ' ' " y intermediate
Mass range name |- i i =
. lowest !low mass stars ! intermediate mass stars g massive stars
mass
stars

Karakas, A.l. and Lattanzio, J.C. (2014) ‘The Dawes Review 2: Nucleosynthesis and Stellar Yields of Low- and Intermediate-Mass Single Stars’, Publications of
the Astronomical Society of Australia, 31, p. €030. doi:10.1017/pasa.2014.21.

/N N\ \| //




AMICARE primary objective

*The 12C+12C and 12C+160 reactions are key areas for understanding evolution of

massive stars and explosive scenarios such as type-la supernovae and super-
bursts in binary stars.

* The state-of-the-art measurements of these cross-sections have significant
uncertainties and discrepancies.

* These cross-sections are important to obtain reaction rates used in large
astrophysical stellar models.

First part of AMICARE: Cross-section measurements of 12C+12C and 12C+160
reactions.

__»!®Na+p(Q=2.24MeV)

“C+“C > 2Ne + a (Q = 4.62 MeV) 2C+'°0
<

__» @Al +p (Q=5.17 MeV)

».2Mg + a (Q =6.77 MeV)
“Mg +n (Q =-2.62 MeV) e 2'Si+n (Q=-0.42 MeV)




AMICARE Work Package 1: 12C+12C

10_4 1 1 —r— 1 1+ 20_""]"'111"'I""l""
10-5 [ ,,.-a—-—'j - ‘
o A ? 15 .
o) 10—6, /’ 1 3 - 160(p,}’)17F i
g 107 J’/ EJ I
o 3 . 5 10T
8 ool S
8 : o N I
— ~ 5 -
-9 L !
O 10 160([),}')17[:
10-10[ : ) :
- 0 -
10—11 i P B R SR R S S SR
@ 0 0.5 1 1.5 2 25 (b)
Ecm (MeV)

C. lliadis, Nuclear physics of stars

The astrophysical S-factor: A way of rewriting nuclear reaction cross sections so that the
strongly energy-dependent behaviour is factored out, leaving behind a much smoother
function of energy.



AMICARE Work Package 1: 12C+12C

B | Mazarakis1973 A&  Becker1981
1018 f v— Spillane2007 O High1977 -
S I ®— This work —5— STELLA2019 |
> 10'7 E .,
> E » I
; YT
< C W
W 1016 L ViV
5;10 !
1015 | v Total S-factor 12C+12C _
| L | | | | | 5
2 2.5 3 3.5 4 4.5 5 5.5
Ecm [MeV]

W. P. Tan et al., Phys. Rev. Lett. 124, 192702 (2020)

The astrophysical S-factor: A way of rewriting nuclear reaction cross sections so that the
strongly energy-dependent behaviour is factored out, leaving behind a much smoother
function of energy.
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AMICARE Work Package 1: 12C+12C
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i Spillane et al. (2007) -
20| —
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AMICARE Work Package 1: CIRCE

WP1 and WP2 will be performed at Centre for Isotopic Research on Cultural and
Environmental Heritage (CIRCE).

Tandem Accelerator Laboratory

Legend

Sx = lon Source X x BL = x Beam Line

ESAx = Electrostatic Analyzer x  Bio = Biophysics

BMx = Bending Magnet x Act = Actinides

FCx = Faraday Cup x MatA = Material Analysis
Water cooled C aS e rt a : I ta I y SSx = Slits Set x NucA = Nuclear Astrophysics

SWM = Switching Magnet

ta rget hOIder g ?\ LTC = Line Telescope Column 0 1 3 3 & 5

e suppressor

GASTLY (GAs-Silicon Two-Layer sYstem)
L. Morales-Gallegos et al., Eur. Phys. J. A 60, 11 (2024) R. Buompane et al., Nucl. Instrum.Methods Phys.Res. A, 1075, 170429 (2025).



AMICARE Work Package 1: GASTLY

GASTLY (GAs-Silicon Two-Layer sYstem)

‘Designed to meet the requirements of low-energy ion

detection for nuclear astrophysics studies, namely large solid

angle coverage, as well as high angular- and energy
resolution [AE(FWHM)/E of 2-3%].

‘Eight AE/E modules, each comprising an ionisation chamber
and a large area (and segmented area) silicon strip detector.
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0=122.5°
)
S Target: HOPG
. . . protons -
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Fig. 9. Eic vs. Essp matrix for the '2C + *2C fusion reaction.
Distinct loci corresponding to protons and a-particles from the
12C(*C,p)**Na and '*C(**C, a)*°Ne reactions, respectively,

can be clearly identified.

M. Romoli, L. Morales-Gallegos et al., Eur. Phys. J. A 54, 142(2018)
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ule. Key components of the ionisation chamber are indicated.
Both the ionisation chamber and the silicon strip detector are
contained within an aluminium housing shaped as a truncated
pyramidal structure with square section.



AMICARE Work Package 1: 12C+12C

Similar measurement by L. Morales-Gallegos

in 2024.

* This new measurement will be similar but
have several upgrades and lessons from the

previous experiment.

*For example wider angular detection range
for the detector array, as only four out of

eight detectors were used.
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AMICARE Work Package 1: 12C+12C

Similar measurement by L. Morales-Gallegos
in 2024.
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AMICARE Work Package 1: 12C+12C

In the previous measurement only the ao and a1 could be seen, therefore a total
S-factor was not possible to obtain without normalising to previous data.

*In the new measurement:
‘Use all 8 GASTLY detectors, now with separate gas feeding.
*Worked on improving leaks in the detectors.

*GASTLY detectors will be used as AE-E detectors, previously only as single
pad.

*Next in-beam tests with target: First half of July

o “Na + p (Q =2.24 MeV)
“C+"”C —i28Ne + a (Q = 4.62 MeV)
% 23Mg + N (Q = -2.62 MeV)



Next steps in Oslo-Napoli-Catania-iThemba collaboration

-Collaborative measurement of 24Mg(a,a’),
24Mg(ar,a’)2°Ne+a and 24Mg(a,a’)?0Na+p @

30-32 MeV alphas, PhD project of Federica

Ercolano.

{23:,,’;1 n | 2.598
| ‘Next two weeks: Install AE-E OSCAR particle
e detector inside target chamber at OCL.
| -Beam time starts 26.05.26, exciting
g Nt -2.241 ‘ | A
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OCL target chamber with OSCAR particle detector Front OSCAR particle Back OSCAR particle



Next steps in Oslo-Napoli-Catania-iThemba collaboration

/OSCAR: AE-E telescope; first @
stage (20um) segmented into 16 ‘

N S1 strips, followed by 4x4 matrix
SiRi: modular array of 8 of 16 Si pads.

“  AE-E S1 detectors; AE
D. Dell’Aquila et al. /Nuclear Inst. and

(130 b m) Se,gm ented into K Methods in Physics Research, A 877 (2018). §
8 annular strips. .

M. Guttormsen et al. /Nuclear Instruments
and Methods in Physics Research A 648
(2011).

OSCAR: 30 LaBr3(Ce)
scintillating crystals.

E Zeiser et al. / Nuclear Inst. and Methods
in Physics Research, A 985 (2021).

Slide modified from Federica Ercolano
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