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Reaction cross sections in stellar environments

= Reactions in quiescent burning stages : o(E) = % S(E)exp(—2777)

S(E) 4 . .
g direct measurgm
— T ~0.001-0.1 GK Extrapolatig ents

— tens keV- MeV << Coulomb barrier E P
? L oy tail
—> o(E) very weak (0.01 fb- ~100 pb ' : ey
(E) very ( pb) ? N of large resongfices
— Direct measurements are very challenging Sub-l
— Often o(E) measured at high energies then extrapolated at stellar energies threshold N - -
resonance =t -T<< Non resonant capture
% what about resonances at very low energy & sub-threshold resonances | ~  ----—----- F" , P
Gamow heak Ecm
low energy high energy

= Reactions in explosive environments (Novae, X-ray bursts, Supernovae) :

— T=0. 1-2 GK
— hundreds keV- few MeV

— o dominated by resonances
— radioactive nuclei : Low beam intensities (~10°-107 p/s) for short lived nuclei, few atoms/cm? in targets for longed lived ones

% Direct measurements challenging



Ingredients needed to evaluate resonant ¢ & N, ,<cv>

* * 2J, +1 r.r
A+x—>C*—->B+y or A+x—>C*—>B+b () = 7k 7 13( ;J ) y - o bors
+ T 9 . =
“ECI’Il A (E_ER) ‘|‘ tt4
J*Eg T.I,T,
Resonan,t For narrow resonance cases :
/’ reaction \ — 3
: | 2 |2 Ep
............ :: > = | —— h 0] c — S
A+X y c <0'v> (ﬂij ( 7’)R XP( kT)
— 27 +1
A > (wy), = C .
N B+b (27, +1)-(2J,+1) T,
R
Jn Yo » The resonant reaction rates can be calculated if the
C * * resonant parameters (Eg, J%, I, ,I,.. .) are known
Ex=E.-Q is the resonance energy Transfer reactions can be used to extract these

I, Ty, [, are the partial decay widths spectroscopic information
| F +I', + I, is the total width
Ja J J, : total angular momentum of the nuclei A,C & x



S-process

s-process (s = slow neutron capture process) 7
4
w,

13<<t, < N;~10%-10"n/cm’ 06 o7 Hos IR

— production of half of the abundance of heavy elements

’0

Nuclear reactions

r beta decay (p)
1.50 S )
e Qr ——4 neutron capture
1.00
= _ Te Ba
S 050} <o Os FP >
= 0.00 N Pt N
% Au
M —0.50}
<t w f\
= |
E —1.00 ﬂm » Main component
g —1.50} N — production of 90<A<209 elements in low-mass AGB
=, 00k / stars 1-4 Mg (T~0.1 GK)
= S5-process
—2.501 r-process » Weak component
—3.00 ! ! ! ! ! ! ! — production of 56<A<90 elements in intermediate-mass
20 T T B I = AGB star (T~0.3 GK) & massive stars (T~0.2-1GK)
MASS NUMBER A




s-process in rotating metal-poor massive stars

Weak s-process = S6<A<90 in massive stars M>8M,

» End of core He burning (T ~3-108K, N, =10° cm™3)

. Main neutron source: *>Ne(o,n)>>Mg
» C-shell burning (T~1 GK, N, =10"" cm)

e Metal-poor massive stars ([Fe/H] <-1)— negligible s-process production (low ?Ne & Fe seed abundance)
«  With fast rotation induced mixing mmmsp 2*Ne production in He core strongly enhanced Nishimura+16, Choplin+18

H-burning shell

4N production via CNO cyele L large production of s-elements between Strontium & Barium 90<A<140

2C,1°0 « Enhanced weak s-process (es-process) Frischknecht+16
HN(oy) *F(B*v)'*O(aLy)**Ne — Important impact on chemical enrichment in early galaxies.
2Ne(a,n)>>Mg

— Source of heavy elements such as Barium in early universe? Barbuy+14
He-burning core



s-process in rotating metal-poor massive stars

But the final abundances of the enhanced weak s-process strongly depends on:

160(n,y)!"O neutron poison effect & 7O(a,n)/1’O(a,y) reaction rate ratio

— neutron recycling efficiency

p—
o
o

¢ ¢ O(a,v)*'Ne (CF88)
e o O(a,v)*Ne/10

25My, Z=10

—

[—
-
o

1077

Overproduction factor, X/ X

—4 ' :
10740 — 160

Mass number, A

Calculation with '"O(a,,n)?°Ne Nacre adopted rate & 7O(a,y)*?Ne CF88 rate
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Experimental status on 1’O(o,n)**Ne and "O(a,y)*!Ne

« Core He burning: T ~0.2-0.3 GK — E_,~ 0.297-0.646 MeV — E =7.64-8.00 in 2'Ne

e Shell Carbon burning: T~1 GK— E_, ~ 0.783-1.5 MeV— E =8.13-8.85in?Ne =~ __ | _ E, (MeV) g7 |
- 8.304—3/2° ¥4
7O(0,n)*’Ne & "O(a.,y)*'Ne direct measurements: 8.292—3/2 5
) (oY) S AT — E
- Denker++1994, Best++2013 No diect . 318032 i
- Best++2011, Taggart++2019 0 direct measurements @ — =133 3
- Williams++2022 Core He burning energies (E_ , <0.630 MeV) :-;;g +/or E
>
<P}
1/2~ =
_ ~300MK 1 —<§§§§ ve
i o(E)=(1/E)S(E)exp(-27n) 7961172
10° ;_ : Best++2013 o
E 100k — few hundreds keV << E_iomb <N T
> f 7.740
207k — o(E) very weak (< 100 pb) / i
= F _ ~200MK - 7655 L2
10k — Neutron & vy detection: large — O
o L background  7ss9 . |
10° 17 20 s 7470 & (1/2.3/2) |
« 'Eilore‘ X O(oc,n) Ne B — 7420 3112
He-]?u.rr}lr.l%...|'...|...|...|...|...|...| 7.348
2 ©5 08 1 12 14 1.6 1.8 2 — ;
Ecm. [MeV] 0+ :
Ota : 6.760
-
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Experimental status on 1’O(o,n)**Ne and "O(a,y)*!Ne

« Core He burning: T ~0.2-0.3 GK —» E__~ 0.297-0.646 MeV — E =7.64-8.00 in 2'Ne

e Shell Carbon burning: T~1 GK— E_, ~ 0.783-1.5 MeV— E =8.13-8.85in?Ne =~ __ | _ E, (MeV) g7 |
- 8.304—3/2° Z
70(0.n)*Ne & "O(o.,y)*'Ne direct measurements: 8.292—3/2 5
(0.n) (oY) 2T —| | £
- Denker++1994, Best++2013 No diect . 318032 i
- Best++2011, Taggart++2019 0 direct measurements @ — =133 3
- Williams++2022 Core He burning energies (E_ , <0.630 MeV) :-;;g +/or E
9
<?]
- P
J00MK —8,;333 |5
: o(E)=(1/E)S(E)exp(-27n) 798032
10° : Best++2013 o
= F What about Spectroscopy of = 820
E 10° E *Ne? 7.740
E o7k — Known E, VA
5 F — Unknown or poorly known ', | ~200MK § " - 7655 272
"g 10°E rn , Fy/rtot 7:602 (502202212912}
~— - . . — 7.559  —
TSI 70(0un)Ne — Few have spin-parity ol 7470 § )
“ Tdbummg ’ assignments J” | a0 iun
54 06 08 1 12 14 16 18 2 —17'348 :
Ec.m. [MeV] 0+
O+a 6.760
: 20Ne+n
* Neutron transfer reaction — §,— I', Frost-Schenk++MNRAS2022 H

* a-transfer reaction > §,—> I', (present work/MLL-exp) 2INe



Study of 2!Ne states via 7O(’Li,t)*!Ne a-transfer reaction

03D spectrometer

t
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do/dQ2 (uWbarn/sr)

FR-DWBA calculations

. SN 7820MeV * From the normalisation of the DWBA (Distorded Wave Born
102 | . . :
8155 My, 911,23 ; - Approximation) calculations (FRESCO code) to the data

55
46 MeV, 3/2°, L =2 .
— Spectroscopic factor

10 | 8
1 :E

do :CSSdO‘

d< exp Q FR—DWBA
10 |

8.069 MeV, 3/2°, L =2 S’,=< ’Li |t ®a> =1 Kubo et al PRC 1978)

7.655 MeV, 7/2°, L =2 S, =< 21 Np * |1 0 Q¢ >
10 F
! ] n°R 2
1 E7.980 MeV, 3/2,L =1 S —>F 2Pz S |¢(R)|
| 7.982 MeV, {7/2 } L =2
1110'*5""""" AR D I N S |
3 TARMEV T2 L3 = Coulomb & centrifugal penetrability factor
¢(R) radial part of the a+'’O wave function

10

7.96 MeV, (11/2),L =3 i
|\||\||||||||||||||||| _IIII‘II\Il\II\lI\II‘II\I

* [, uncertainty: 3- 40% (stat), 35% (optical potentials)

1 L]
0 10 20 30 40 50 0 10 20 30 40 50
Oc.m (deg)



70O(a,n) & 70O(a,y) new reaction rates & impact on the s-process in low Z massive stars

Reaction rates calculations:

s 10
= i 17 20
2 He core burning O(o,n)*'Ne
-
R W =
s |
g
2 10 Y resent work
= : est+2013
Nacre

Q l“ -z L L L L L L L L I L L L L L L L L L L L L I L L L L I L L L L I L L L L I L L L L
. 17 21
=
= 10 | O(a,y)" Ne
E C
g
3 - present work
= ab Best+2013

10 | CF88
- b b b e b
ERRTE
g el
£ 107 T
N I
S 1 present work
= Best+2013
= 1 Nacre/CF88

-1
l“ L L L L L L L L | L L L | L L L I L L L | L L L I L L L I L L L
0.2 03 0.4 0.5 0.6 0.7 0.8 0.9 1
T9

— Better neutron efficiency recycling with a factor of about
20 with the present rates than Best+2013 rates



70O(a,n) & 70O(a,y) new reaction rates & impact on the s-process in low Z massive stars

Reaction rates calculations:

s 10
= i 17 20
2 He core burning O(o,n)*'Ne
-
T e
g -
g
2 10 Y resent work
= : est+2013
- Nacre

Q l“ -z L L L L L L L L I L L L L L L L L L L L L I L L L L I L L L L I L L L L I L L L L
. 17 21
=
= 10 | O(a,y)" Ne
E C
g
3 - present work
2 Best+2013

10 | CF88
- b b b e b
& 107
g f e
£ 107 T
N I
S 1 present work
= Best+2013
= 1 Nacre/CF88

-1
l“ L L L L L L L L | L L L | L L L I L L L | L L L I L L L I L L L
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T9

— Better neutron efficiency recycling with a factor of about
20 with the present rates than Best+2013 rates

Nucleosynthesis calculations:

—— 70O(a,n) : Best+13 17@(05,7/) : Best+13
—+ 170(,n) : new rate 170(«, 7) : new rate

—— 170(a,n) : new rate (¢ase 2) 170(a,7) : new rate (caseZ)?

=
@

e

2
Lul Ll L1l

2
Lol Ll L1l

(Z=0.001, M=25 M)

2
Lol Ll Ll

10! 4 |

Overproduction factors X/Xg

=
Q
L1

101 4]

F. H, P. Adsley, L. Lamia et al., Phys Rev Lett 132, 182701 (2024)

—Large enhancement ( > factor 30 (>20)) of elements 40 < Z < 60
with the present new rates in comparison to previous rates

— Two order of magnitude (~x30 (case2) ) on Barium : largest effect

— In line with the observation of an enhanced s-process
in CEMP-s(Carbon Enhanced Metal poor) stars Hansen+2016




Classical novae nucleosynthesis: open questions

Novae: Thermonuclear runaway at the surface of a white dwartf accreting the

White Dwarf Hot Spot H rich material of its companion star
- . | Mechanism well established but
/‘ | » Ejected mass << observed mass
/= g » Amount of mixing between accreted and white dwarf materials?
B e s Normal Star » Compact star mass

— Novae produce y-ray emitters & dust (presolar grains) — key observational constraints

— soon the first stellar explosive site with all reaction rates based on experimental information J.José+2009

The 3 remaining key reactions with significant uncertainties:

» 3P(p,y)’'S : paternity of novae grains Woods+2021? (FRIB)
> BF(p,a)'’0: y-ray emission <511 keV Riley+PRC2021 (Split-Pole/ALTO)
> S Al(p,y)*Si: Classical novae contribution to the observed galactic 2°Al y-ray emission @ 1.809 MeV?



26 Al nucleosynthesis

> Novae contribution to 2°Al galactic production 10 —30 % ?

» Two sequences to produce 26Al (T, ,=7.2 10 yr):
2 Al(p,y)*°Si competes with 2 Al(B+)

15
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4
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0.154
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=0
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Factor two uncertainty on resonance strengths
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2 Al(p,y)*®Si case: Experiment @ FRIB

— Studied via d(**Al,ny)?%Si @ FRIB/S800 C.Fougeéres, F.H, N de Séréville, F. de Oliveira+coll

> Novel technique: (d,ny) angle-integrated XS measurement (inspired from Kankainen+ (2016) EPJ; d(2¢Al,ny)?’Si)

N 1oy (2J+1)
wy = tot X —DwBA X 79z i
Ntargetheamedet_TUT O transfer (2.] W 1)(2J25Al + 1)
GRETINA&SS00@FRIB/ARIS g
» [+—S800 Focal

25A1 @ 24 MeV/u s, Plane Tineoffght (ab. .
lowest energy ever used @ S800) )
2x 106pps, Purity >95% oo

Fragment
beam
Measurements of 2Si recoils at
S800 in coincidence with y’s in o
GRETINA ol
> :

Analysis Line S?ectrograph
CD, (9.4 mg/cm?)



2 Al(p,y)*®Si case:
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bound states in 26Si

» y-ray transitions of 11 states in *°Si below S were observed among the 14 referenced
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2 Al(p,y)*®Si case: Bound states

» C?Sp of the bound states in 2°Si determined for the 15 time = direct capture rate component of 2> Al(p,y)*°Si

- . Comparison with few analog states in Mg
_ 0 Burlein+84, Arciszewski+84
2500— N 1 o
- o aAT
2000 " po e
> B :q"‘ mn' e
[i)] ~ ~ O e
1%1 5 — :_\IN 10? e -
51900 A e
el -
cC B - + o e
= B ;N w o 10 =
81 000__ A 'T‘ . +_ =
= o < A =
L .N ‘H 4: 1\ T ;N ;,_ zE_
L N s *_ N . . = i
500 roa TaF e ~ A N oy c 25—
- § WS 0 A S "; I g == - .
B n h o oo 1 < 155~ f ﬂ
0 | | | | | - - P T #
| 1 1 | | 1 1 1 1 | 1 | 1 1 | | 1 1 1 05:_ I 1 ; ; ,E i
1000 1500 e 2000 2500 3000 = - N
E? (keV) 10 10° Cs, 10" 1

- new data on 2°Mg: ALTO/SPILT-POLE experiment (Orsay, 2024)



2 Al(p,y)*®Si case:

Resonant states

> Three resonant states among six of interest are identified in 26Si (>5)

E, (MeV)
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2 Al(p,y)*®Si case: Resonant states

» Three resonant states among six of interest are identified in 26Si (>S,)

E, (MeV)
sos04P
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5.890, 0,* - TE 4: =
- Bound states - -
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5.668, 1, [ Unbound d-wave states (BR,~1) %‘#PI-‘? ! Resonance strength (meV)
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o [ 'f F 1 3
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i e EEEEE
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4797, 4," af— :
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— . i i 4
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R +-- L R +
. . ' ! ! b
010a ' 102 cs 107 1
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2 Al(p,y)*®Si case: Resonant states

» Three resonant states among six of interest are identified in 26Si (>S,)

E, (MeV)
5.950, 0,4 *A—
5.928, 3,* s-wave
5.890, 0,* - TE 4: =
5.676, 1,* d-wave £ Bound states oL F
5,668, 1:- [ Unbound d-wave states (BR,~1) .’-f»-"? ' Resonance strength (meV)
1 T P e ' ’
5.517, 45* d-wave = f,t : 1+ 3+
o [ . e i 1 3
5,=5.514}= = — o - Pt
107" Laird et al (2023) < 2.6 x 1079 | 23(13)
SRS SU
- LT Present work _
Lo - 2(1) x 107°% | 35(15)
107 B e el . (preliminary)
4.797, 4, py = :
= o
41883, | ¥ 8“8: 2:_ , - _;r o OngOIIlg analys1s
— . 1 s - ! #
= l e b
B S . T F
- ; ] j oo b . .
0 ppe i ppee 1 Next:
" ' 25 26Q;
1797, 2:] » Re-evaluation of <> Al(p,y)*°Si rate
» Constrain novae contribution to 2°Al

285j, 0,* galactic amount



Thanks to the collaboration & your attention
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Accessing wy via angle-integrated measurement

(2 + 1) r,r,
(QJ —|— 1)(2J25Al —|— 1) Ftot

V‘\/’ —

Extension of recent method to measure C%S, (NSCL) via d(*°Al,ny)*'Si Kankainen, EPJ 52 (2016)
Direct transfer d(**Al,n»)*°Si

Tagging of 2°Si* on y-ray transitions = angle-integrated measurement of cross-section g, s,

o exp tot
N’Y — BR’Y X9 transfer] < Edet.Nta,rgetheamTUT
I 2 DWBA R
tht C Sp X i ranstor -+ FRESCO code
\ 1_\
Fsp'p' —> DWU code
N [0 (27 + 1)
wf‘\‘ p— >< ><
tot DWBA ;
Ntargetlbeamed%t‘TUT T4 ransfer (QJ + 1)(2J25Al + 1)

Uncertainties = systematic <30% (from optical potentials) & statistical (1/\/Ny)
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