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Origin of the elements

Hertzsprung-Russell Diagram
Luminosity vs Tgface

End of live

Fe core and fusion shells

g main sequence
N @) 1 Fusion up to Fe

g PhyNuBE 3™ meeting 2024 (Oléron, France)




Origin of the elements

Binary stellar systems
Explosive nucleosynthesis |- =

< E i

"
L]

p-burning

Hydrostatic stellar burning

‘ |
BBN @)~ ©
@ PhyNuBE 3™ meeting 2024 (Oléron, France)



Origin of the elements

Binary stellar systems
Explosive nucleosynthesis H “ £ e

X-ray bursts

@

ap and

w-

Z4 " Hydrostatic stellar burning
BBN & ;

@ PhyNuBE 3™ meeting 2024 (Oléron, France) 2 N




Origin of the elements (ny), B decay
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Direct probe of nuclear cosmic processes
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Low energy y-ray astronomy

Direct probe of nuclear cosmic processes
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Low energy y-ray astronomy

Direct probe of nuclear cosmic processes

INTEGRAL/ESA

Long-lived >Myr (?6Al, 6Fe)
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Low energy y-ray astronomy

Direct probe of nuclear cosmic processes \ '

Coded mask
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Long-lived >Myr (26Al, %°Fe)
E, = 1.809 MeV

Pliischke et al. (2001)
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Low energy y-ray astronomy
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Radioelements for today

Direct probe of nuclear cosmic processes '
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Astrophysical site: novae

Nova Del 2013
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Astrophysical site: novae
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Nuclear ONe seed of white dwarf accreting solar-like matter (H dominant)
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Nucleosynthesis network in novae

Nuclear ONe seed of white dwarf accreting solar-like matter (H dominant)
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Nucleosynthesis network in novae

Nuclear ONe seed of white dwarf accreting solar-like matter (H dominant)
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Nucleosynthesis network in novae

Nuclear ONe seed of white dwarf accreting solar-like matter (H dominant)
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Nucleosynthesis network in novae
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Nucleosynthesis network in novae

Nuclear ONe seed of white dwarf accreting solar-like matter (H dominant)
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Nucleosynthesis network in novae

Nuclear ONe seed of white dwarf accreting solar-like matter (H dominant)
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Nucleosynthesis network in novae

Nuclear ONe seed of white dwarf accreting solar-like matter (H dominant)

Radioelements

¥ 0.511 MeV
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Nucleosynthesis network calculations
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Nucleosynthesis network calculations

Abundance of 22Na in novae: solver of an 8 ordinary differential equation system

dy20 .
TN = —Y20Ne ¥ YH* < OV >20Ne(p,4)21Na TY28Na * YH* < OV >28Ng(p,a)29Ne
dy21 . 1n(2)
—ar - = TYRNe ¥YH* < OV >2Ne(py)22Na TY2Na * 7
dyss 4. In(2)
G = TYRNe *YH* < 0V >2Ne(py)®Na TY2Na * 7,
dyZlNa . 1n(2)
@ = YRNa * (Y <OV > Na(p)22Mg Ty, ) T Y0Ne * YHK < OV >20Ne(py)2iNa
dy22Na o 1n(2)
—3 "= “Y22Ng * (yH* < ov >22Na(p,’y)23Mg +—T22Na) + Y21 Ne ¥ Yk < OV >21Ne(p,’y)22Na —|—y22Mg *
dyay. In(2)
—di = TYBNa *YH* <OV >BNa(p,a)?0Ne TY22Ne ¥ YH* < OV >22Ne(p,y)28Na TY23 Mg * T23 014
dy22 In(2)
a = TY2Mg x 2201, T Y2iNa ¥ Y* < OV >21Na(py)22 Mg
dy23 In(2)
T = Y280 % P T Y22 Nq * YE* < OV >22N0(p,4)28 Mg

PhyNuBE 3™ meeting 2024 (Oléron, France)
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Nucleosynthesis network calculations

Abundance of 22Na in novae: solver of an 8 ordinary differential equation system

= —Y20Ne ¥ YH* < OV >20 Ne(p,y)21 Na TY28Na ¥ YH* < OV >23Ng(p,a)20Ne

In(2)
T21 Ng

—Y21Ne ¥ YH* < OV >21Ne(p,4)22Na TY21Na *

In(2)

—Y22 N kK YH* < ov >22Ne(p,'y)23Na +y22Na * —T22Na

In(2)

— Y21 g * (yH* < 0V >21Nq(p,y)22Mg T ) + Y20Ne * YH* < OV >20Ne(p,y)21 Na

T22 N g
In(2) In(2)
—Y22 N g * (yH* < OV >22Nq(p,y)28Mg —I—m) T Y21 Ne ¥ YH* < OV >21Ne(p,y)22Na TY220g * a2ty
+ « In(2)
—Y23Nq * YE* < OV >23Nq(p,a)20Ne TY22Ne ¥ YH* < OV >22Ne(p,4)23Na TY23 Mg ooty

In(2)
—Y22 g * . T Y21 Ng * YE* < OV >21Ng(p,4)22 Mg
g

In(2)

— 123 * ————
Y23 Mg * 755

T Y22Na ¥ YH* < OV >22Ng(p,~)28 Mg
Mg

Euler development dY/dt =f(Y() > (1/dt-d/AdY)(Y,.,-Y,) =1fY,) simple « Ax=B solver »
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Nucleosynthesis network calculations

Abundance of 22Na in novae: solver of an 8 ordinary differential equation system

Euler development dY/dt =f(Y(t)) > (1/dt

= —Y20Ne ¥ YH* < OV >20 Ne(p,y)21 Na TY28Na ¥ YH* < OV >23Ng(p,a)20Ne

In(2)
T21 Ng

—Y21Ne ¥ YH* < OV >21Ne(p,4)22Na TY21Na *

In(2)

—Y22 N kK YH* < ov >22Ne(p,'y)23Na +y22Na * —T22Na

In(2)

— Y21 g * (yH* < 0V >21Nq(p,y)22Mg T ) + Y20Ne * YH* < OV >20Ne(p,y)21 Na

T22 N g
In(2) In(2)
—Y22 N g * (yH* < OV >22Nq(p,y)28Mg —I—R) T Y21 Ne ¥ YH* < OV >21Ne(p,y)22Na TY220g * a2ty
+ « In(2)
—Y23Nq * YE* < OV >23Nq(p,a)20Ne TY22Ne ¥ YH* < OV >22Ne(p,4)23Na TY23 Mg ooty

In(2)
—Y22 g * . T Y21 Ng * YE* < OV >21Ng(p,4)22 Mg
g

In(2)

— 123 * ————
Y23 Mg * 755

T Y22Na ¥ YH* < OV >22Ng(p,~)28 Mg
Mg

—dadY)(Y,..-Y,) =1f(Y,) simple « Ax=B solver »

Initial conditions ONe white dwarf p =103 g cm™ with Ycorstant= 0.5 Y,50=0.25 Yyone = 0.25

Temperature profil
‘Tno'uae (GK)

0.2

»-time(s)

0 15 75
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Nucleosynthesis network calculations

(b,
b, 1. 4
Abundance of 22Na in novae: solver of an 8 ordinary differential equation system A
% = —Y20Ne ¥ YH* < OV >20Ne(p,y)21 Na +Y23 g *Yg*k < OV >23 Na(p,a)20Ne
% = —Y21Ne * YH* < OV >21Ne(p,v)22Na +Y21 yg * 7};1(1?;),1
d n
%V_e = —Y22Ne *Yg* < OV >22Ne(p,'y)23Na +Y22 Ng * 7}22(1?]),1
dy21Na _ ln(2)
— it = —Y2Ng * (yH* < ov >21Na(p,'y)22Mg +T22Na) + Y20 e * Ygk < OV >20Ne(p,'y)21Na
d In In
% = —Y22pN, ¥ (yH* < OV >22Nq(p,y)23 Mg —I—%) + Y21 Ne ¥ Yk < OV >21Ne(p,y)22Na Y2214 * 7_22(—]\2/1)9
11242(1% = —Y28Ng *YH* < OV >23Ng(p,a)20Ne +Y22 N ¥ Yk < OV >22 Ne(p,y)28Na +y23Mg * %
g
d
ijtM-" = —Y22)\14 * 7_1;2(]\2/[)9 + Y21 N ¥ Yg*R < OV >21Na(p,’y)22Mg
d In
y2;tMg = —Y23 g * % T Y22 Nq * YE* < OV >22N0(p,4)28 Mg
Euler development dY/dt =f(Y() > (1/dt-d/AdY)(Y,.,-Y,) =1fY,) simple « Ax=B solver »
Initial conditions ONe white dwarf p =103 g cm™ with Ycorstant= 0.5 Y,50=0.25 Yyone = 0.25 _ _
Temperature profil Simple Python recursive code
(Lnovae (GK) L s
0l e s pAAAARAA————m s nnmnnAAMARARRARaaannnnnnaannaanaRA R ARRAR AR RRRARAANNn AR RN RRnA Soiisssmes=sss===333i --- 20Ne
c P ittt ettt S EECET L L L LU R R IR S T
2 10“‘-':—;:==“‘"_""== ________________________________________________________________________________________________ < ——- 22Ne
0.2 @ 2722 ——- 21Na
I Lty --- 22Na
R I L R S S e e EEEEEEEEE L il ——- 23Na
Jtime(s) | mmmm—mmmsmTTTTTTITTTTEETTOT —~—- 22Mg
0 15 75 10713 4 ==~ ‘ -=- 23Mg
107 1x 107 2x10! 3x10! 4x10! 6x 10! 102
Time (s) T hovae drops to 0




Nucleosynthesis network calculations

(b, ) (p 4

Abundance of 22Na in novae: solver of an 8 ordinarv differential eauation svstem £

% = —Y20Ne ¥ YH* < OV >20Ne(p )21 Na TY2Na ¥ YH* < OV >23Na(p,a)20Ne

% = “Y2Ne ¥ YH* < OV >21Ne(p,y)22Na TH21Na * Tl;l(i)a

% = —Y22Ne ¥ YH* < OV >22Ne(p,y)23Na TY22Na * %

dyiz% = —y2Na * (Yu* < OV >21N4(p )22 Mg +71;2(12V)a) + Y20 Ne * Yk < OV >20Ne(p,y)2i Na

% = —y2Na * (Yr* < 0V >22N4(p,4)2 Mg +%) + Y2iNe * Yu* < OV >21Ne(p4)22Na TY22 01 * Tl;(;)g

% = —Y2Na ¥ YH* < OV >23Na(p,a)2°Ne TY22Ne ¥ YH* < OV >22Ne(p,y)23Na TY23 Mg * %

dyQ;tMg = Y2209 * 712112(;)9 T Y2iNa ¥ YH* < OV >21Na(py)22 Mg

dyzthg = TY8Mg * %}2 + Y22 o ¥ Ya* < OV >22Nq(p~)28 Mg

Software freely available (WinNet, NuGrid, integrated MESA, ..

MESA

" nhttpst//github.com/nuc-astro/WinNet ‘ https://docs.mesastar.org/en/24.08.1
@ PhyNuBE 3" meeting 2024 (Oléron, France) https /Inugrid.github.io 8




Nuclear reaction rates

Reaction rate = < cross section o x particle velocity distribution in plasma v >
8 1

-0 (o) [ o® (- e
< 0oV >= 2 X X o exp(— EdE
p(a...) THA,p (kBT)% 0 kBT

@ PhyNuBE 3™ meeting 2024 (Oléron, France)



Nuclear reaction rates

Reaction rate = < cross section o x particle velocity distribution in plasma v >
8 |1 1

+0o0
O < ov>=(——)} x X / 7(B) exp(— )EdE
p(a...) THA,p (kgT) 2 0

Charged particles

1.0 Maxwell-Boltzmann distribution
T (T=02Gk)
Coulomb barrier tunneling

0.8 Gamow peak

0.6

0.4

0.2

0.0 i 08

Energy (MeV)

Relative probability
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Nuclear reaction rates

Reaction rate = < cross section o x particle velocity distribution in plasma v >
8 1 1

+0o0
O cov>=(— )ikt / 7(B) exp(— )EdE
p(a...) THA,p (kgT) 2 0

Charged particles

1.0

Maxwell-Boltzmann distribution
T (T=02Gk)
Coulomb barrier tunneling
Gamow peak
0.0

0.0 i 08

Energy (MeV)

w0

o

Relative probability

b

—— _—

Gamow window T & E,, Eo = 0.122(Z2Z3 pia p T2
Energy region of compound system A+p where reaction most likely occurs at T

o=

AEg = 0.2368(Z2Z3 pa pT°)

———— —
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Nuclear reaction rates (charged particles)

Reaction rate = < cross section o x particle velocity distribution in plasma v >

8 1 +oo E
)% X X / o(E) exp(———=)EdE
. kT

< ov >=( 3

@ PhyNuBE 3™ meeting 2024 (Oléron, France)
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Nuclear reaction rates (charged particles)

Reaction rate = < cross section o x particle velocity distribution in plasma v >
8 1 too E
)% X = X / o(E) exp(———=)EdE

< ov >=( T
B

In medium-hot stellar environments: T s 1 GK, E;,, S MeV, 0 <<1 mb
1—‘al—‘b

(E-ER) +(r/2)
Breit-Wigner cross section

OBwW (E) = 7[7&20)

PhyNuBE 3™ meeting 2024 (Oléron, France)
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Nuclear reaction rates (charged particles)

Reaction rate = < cross section o x particle velocity distribution in plasma v >

< ov >=(

8
THEA,p

E

+00
X /0 o(E) exp(—kB—T)EdE

1

)2 X (kBT)%

In medium-hot stellar environments: T s 1 GK, E;,, S MeV, 0 <<1 mb

PhyNuBE 3™ meeting 2024 (Oléron, France)
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Nuclear reaction rates (charged particles)

Reaction rate = < cross section o x particle velocity distribution in plasma v >

E

+00
X ./0 o(E) exp(—kB—T)EdE

< ov >=(

8
THEA,p

1

)2 X (kBT)%

In medium-hot stellar environments: T s 1 GK, E;,, S MeV, 0 <<1 mb

E.
< OV >¢ot X Zw% exp (— kBT)
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Nuclear reaction rates (charged particles)

Reaction rate = < cross section o x particle velocity distribution in plasma v >

X /O+oo o(E) exp(—

< ov >=(

8
THEA,p

1

)2 X (kBT)%

In medium-hot stellar environments: T s 1 GK, E;,, S MeV, 0 <<1 mb

E,
< OV >¢ot X Zw% exp (— kBT)

T
E,=E,- Q resonance energy
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OBwW (E) = 7[7&20)

Breit-Wigner cross section o« 7, 7, (partial decay widths)
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Nuclear reaction rates (charged particles)

Reaction rate = < cross section o x particle velocity distribution in plasma v >

X /O+oo o(E) exp(—

< ov >=(

8
THEA,p

1
(kgT)2

)2 X

In medium-hot stellar environments: T s 1 GK, E;,, S MeV, 0 <<1 mb

< OV >¢ot X Z: wyA eXp (—

T

E,

kT

E,=E,- Q resonance energy

@y, resonance strength
w o 2J,+1

)

y.oc(I'=h/7)x BR,(1-BR,)

@ PhyNuBE 3™ meeting 2024 (Oléron, France)
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Breit-Wigner cross section o« 7, 7, (partial decay widths)
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Nuclear reaction rates (charged particles)

Reaction rate = < cross section o x particle velocity distribution in plasma v >

8 1 1 +oo E
< ov>=( )2 X = X o(E) exp(———=)EdE
THA,p (kgT)2 Jo kgT
* In medium-hot stellar environments: T < 1 GK, E,,, S MeV, 0 <<1 mb » Resonance measurement
~ E/,« 2 F Fb
< OV >0t X WY €Xp (— ) opgw(E)=7A"0 ‘;— >
Zf kT (E-Eg) +(02)
E.=E,- Q resonance energy Breit-Wigner cross section o« 7, 7, (partial decay widths) A+p
wy, resonance strength I, =CSy, x I, p
w o 2J+1
oo (I'=h/7)x BR,(1-BR,) vy

Measurement goals
E,
@y, or J,
7

BR, or CS,
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Nuclear reaction rates (charged particles)

Reaction rate = < cross section o x particle velocity distribution in plasma v >

8 .1 1 oo E
< ov>=( )2 X = X o(E) exp(———=)EdE
THA,p (kgT)2 Jo kgT
* In medium-hot stellar environments: T < 1 GK, E;,, S MeV, 0 <<1 mb » Resonance measurement
~ E, ) I
b
< OV >0t X Z‘ WY €Xp (— opgw(E)=7A"0 ‘;— >
- kT (E-Ep ) +(0/2)
E.=E,- Q resonance energy Breit-Wigner cross section o« 7, 7, (partial decay widths) A+p
wy, resonance strength I, =CSy, x I, p
w oc2J,+1
v, (I'=h/r)x BR,(1-BR,) v
C
Measurement goals
E,
@y, or J,
4
BR, or CS,
* In hot stellar environments: T > 1 GK, E.,, ~ MeV/u, c = 1 mb » Cross section measurement
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Low energy y-ray astronomy of nova

T III T T II:IIIII
- ONe 1.15-1.25M, :

Foh e, 511 keV

1275 keV]

F(phot/cm?/s/keV)
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E(MeV)
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PhyNuBE 3™ meeting 2024 (Oléron, France)



Low energy y-ray astronomy of nova

« Short-lived (~day) "®F > ejecta stage

T IIIII T T II:IIIII
- ONe 1.15-1.25M, :

Sgh T, 511 keV

1275 keV]

F(phot/cm?/s/keV)

Illl
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E(MeV)
M. Hernanz (2017)
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Low energy y-ray astronomy of nova

« Short-lived (~day) "®F > ejecta stage

T IIIIIII T T II_IIIII

- ONe 1.15-1.25M,

Soh ", 511 keV

T T Illllll

............... 7 V
10-8 1275 ke—_

T T lllllll

F(phot/cm?/s/keV)

10-7

L | Illlll

lllll

0.1 1

E(MeV)
M. Hernanz (2017)
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Low energy y-ray astronomy of nova

« Short-lived (~day) "®F > ejecta stage
Uncertainties in '8F(p,a)'°0
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E(MeV)

M. Hernanz (2017)
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Low energy y-ray astronomy of nova

(b, @) .7
« Short-lived (~day) "®F > ejecta stage £
Uncertainties in '8F(p,a)'°0 18|:(p oc)150
2
o - LR (A) Doublet 3/2+ (6, 9), interference
- ONe 1.15-1.25M, : .
107% & E
E gn e, UL ke 5

= | |
< (B) Triplet (5, 8, 10)
< 1275 keV]
n 1078 = —
N\ C .
= C §
9]
3 B ]
> [ ]
e - 4
S
"0k E

10-8 Ll )

0.1 1 1
0.05 0.1 0.2 0.3 04 049
E(MeV)

M. Hernanz (2017)

Temperature (GK)
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Low energy y-ray astronomy of nova

(b, ) (p &
« Short-lived (~day) "®F > ejecta stage e
Uncertainties in "8F(p,a)'O 18F(p oc)150
2
o L (A) Doublet 3/2+ (6, 9), interference
- ONe 1.15—1.25M, s -
100 & E
E :,""Sh “.‘.""\..l.. 511 keV E
- I ]
< I ] (B) Triplet (5, 8, 10)
S 10 L 1275 keV]
T F : M,; 18F (106 Mg)
< f 1.1x107°
2 - - 3.9x10°5
.
"0k E
10—8 L1 11 1 i
01 ! i e 0.05 0.1 0.2 0.3 0.4 0.49
E(MeV) Maximum detectability distance
M. Hernanz (2017)
unc. x1.9 Temperature (GK)
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Low energy y-ray astronomy of nova

(b, ) (p &
« Short-lived (~day) "®F > ejecta stage e
Uncertainties in "8F(p,a)'O 18F(p oc)150
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Low energy y-ray astronomy of nova

« Short-lived (~day) '8F > ejecta stage Uncertainties in 8F(p,a)'°0

- ONe 1.15-1.25M,

Foh e, 511 keV
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Low energy y-ray astronomy of novae

Short-lived (~day) '8F - ejecta stage
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Low energy y-ray astronomy of novae

« Short-lived (~day) '8F > ejecta stage
« Medium-lived (~year) ??Na - novae properties
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Low energy y-ray astronomy of novae

(b, 2) (p /)
« Short-lived (~day) '8F > ejecta stage Uncertainties in 8F(p,a)'°0 e
« Medium-lived (~year) 22Na - novae properties Uncertainties in 22Na(p,y)?*Mg
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Low energy y-ray astronomy of novae

« Short-lived (~day) '8F > ejecta stage
« Medium-lived (~year) ??Na - novae properties

¥ 1.275 MeV

@ PhyNuBE 3™ meeting 2024 (Oléron, France)

Uncertainties in 8F(p,a)’>0O
Uncertainties in ??Na(p,y)**Mg

Ex (MeV ™

E, (MeV) ; (MeV) J
0.435 8.016 5/2+7/21
_0.274 | 7.855 7121
0.222 | 7.803 IAS 5/2%
_0.204 | rz8s 5272
0.201 7.782 11/271
0.189 7.770 92"
7.581 7.586 5/2"
0 3/21

23Mg

Novae
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Low energy y-ray astronomy of nova

« Short-lived (~day) '8F > ejecta stage Uncertainties in '8F(p,a)'°0 PN
« Medium-lived (~year) 22Na - novae properties Uncertainties in 22Na(p,y)?*Mg

Direct measurements of wy saiaska, Phys. Rev. L 105 (2010)

- ey Ex (MeV) ” e T ey
_0.435] 3.016 5/2+7/21 Novae
0274} 7.855 712" %’r é
ﬁ, 7.803 |As+5/2: = _3
0.201 A N =
_0.189 | 7.770 9/2 ; 8
7.581 7.586 5/2°
v 1275 MeV “ppnott p
0.1 0.2 0.3. ‘ 0.4. ‘ I0.5
a 3/21 Temperature (GK)
23Mg Dominant resonance in 2Mg*

(E,=7.785 MeV, E, = 0.204 MeV)
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Low energy y-ray astronomy of nova

« Short-lived (~day) '8F > ejecta stage Uncertainties in '8F(p,a)'°0 PN
« Medium-lived (~year) 22Na - novae properties Uncertainties in 22Na(p,y)?*Mg

- Direct m rements of llaska, Phys. Rev. L 105 (201
Dominant resonance (E,= 0.204 MeV) ect measurements of Wy saasks, Phys. Rov L 105 (2010)

_ 12 1_8I9 keV 204 keV ] ' 274 keV
= INTEGRAL
i 1.0
c
C O 08
B COMPTEL| 5
B Qo
| = 0.6
= c
: 8
B Fougeres (2023) compiled indirect meas. 0.4
= Stegmuller (1996) 0.2
- Sallaska (2010) 0.0 — e
B 0.1 0.2 0.3 04 0.5
= K <0 Temperature (GK)
Y5 20amev (MEV) Dominant resonance in 2Mg*

Ejected 22Na mass (E,=7.785 MeV, E;=0.204 MeV)

uncertainties x10
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Low energy y-ray astronomy of nova

« Short-lived (~day) '8F > ejecta stage Uncertainties in '8F(p,a)'°0 PN
« Medium-lived (~year) 22Na - novae properties Uncertainties in 22Na(p,y)?*Mg

, Direct m remen f llaska, Phys. Rev. L 105 (2010
Dominant resonance (E,= 0.204 MeV) ect measurements of Wy salaska Phys. Rev. L 105 (2010

_ 121_8I9klevl20|4klevl o T o7akev
- INTEGRAL
i 1.0
S c
C O 08
B COMPTEL| 5
B Qo
| = 0.6
= c
: 8
B Fougeres (2023) compiled indirect meas. 0.4
= Stegmuller (1996) 0.2
- Sallaska (2010) 0.0 — e
B 0.1 0.2 0.3 04 0.5
= K <0 Temperature (GK)
Y5 20amev (MEV) Dominant resonance in 2Mg*

Ejected 22Na mass (E,=7.785 MeV, E;=0.204 MeV)

uncertainties x10

Resonance strength determination in 22Na+p 13




Low energy y-ray astronomy of nova

« Short-lived (~day) '8F > ejecta stage Uncertainties in 8F(p,a)'°0
« Medium-lived (~year) 22Na - novae properties Uncertainties in 22Na(p,y)?*Mg
« Long-lived (>Myr) Z6Al - ongoing galactic nucleosynthesis and novae contribution

E, = 1.809 MeV

Pliischke et al. (2001)
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Low energy y-ray astronomy of nova

« Short-lived (~day) '8F > ejecta stage Uncertainties in 8F(p,a)'°0
« Medium-lived (~year) 22Na - novae properties Uncertainties in 22Na(p,y)?*Mg
« Long-lived (>Myr) Z6Al - ongoing galactic nucleosynthesis and novae contribution

Pliischke et al. (2001)

v 1.809 MeV
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Low energy y-ray astronomy of nova

(b,
« Short-lived (~day) '8F > ejecta stage Uncertainties in 8F(p,a)'°0
« Medium-lived (~year) 22Na - novae properties Uncertainties in 22Na(p,y)?*Mg
« Long-lived (>Myr) %Al = ongoing galactic nucleosynthesis and novae contribution Uncertainties in 2°Al(p,y)?8Si

0
.,
e
N

Novae contribution to 26Al galactic production

10-30%
E & g
R 5
E, = 1.809 MeV
. 0.436 5.950 0*4*
0414 5.928 3
0.376 5.890 0*
5.675 1*
o 5.668 I
25_ 5514 5.517 4*
O Al+p
Yo 5/2*
Pliischke et al. (2001) z’éM =0 (2,3)*
ggS 0 o
v 1.809 MeV 2631
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Low energy y-ray astronomy of novae

(b, ) .7
« Short-lived (~day) '8F > ejecta stage Uncertainties in 8F(p,a)'°0 S
« Medium-lived (~year) 22Na - novae properties Uncertainties in 22Na(p,y)?*Mg
« Long-lived (>Myr) %Al = ongoing galactic nucleosynthesis and novae contribution Uncertainties in 2°Al(p,y)?8Si

Novae contribution to 26Al galactic production

10-30 %
E, Jn Gamow
Er S window
E, = 1.809 MeV 5
. 0.436 5.950 0*4* <
5.928 3 )
0.414 v
0.376 5.890 0* o
"8
5.675 1+ \%
0.161
0.154 5.668 1- é
v 4 =
O Al+p
Yo 5/2*
Pliischke et al. (2001) z’éM =0 (2,3)*
Jgs
1.809 MeV - =
y i 268§

Resonance strength measurement in 2°Al+p 14
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18F(p,2)150
Identification of resonant states <> x) wyexp (—

r

kT
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18F(p,2)150
Identification of resonant states <> x) wyexp (—

r

kT

PhD L. Dienis > see her poster, E863 scheduled 2025
Aim high-resolution spectroscopy in ®Ne at S,=6.4 MeV
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18F(p, 2)150
Identification of resonant states <ov>. x> wyexp (_kirT

r

PhD L. Dienis > see her poster, E863 scheduled 2025 = A
Aim high-resolution spectroscopy in ®Ne at S,=6.4 MeV

Accessing (E, J, I ,) via resonant elastic scattering

=
n
SR
o
£
=
[$]
G
=
o)
S
;| 1 1 1 1 1 1
s 0.6 0.7 0.8 0.9 1 11
E, ..(MeV)
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'8F(p,2)'50

Identification of resonant states

il

PhD L. Dienis = see her poster, E863 scheduled 2025 = AN

Aim high-resolution spectroscopy in ®Ne at S,=6.4 MeV

laboratoire commun CEA/DRF

Accessing (E, J, I ,) via resonant elastic scattering

PhyNuBE 3™ meeting 2024 (Oléron, France)

—~ 400¢
7 £ .
o) i = Rutherford scattering Resonance
£ 3008
~— 250F
o}% 200[-
3 150F y
KS) E R —
© 100F Y
-o E “% Ul

50 Interference” =~

:l 1 1 1 1 1 1
®s 0.6 0.7 0.8 0.9 1 14
E, .. (MeV)

Breit-Wigner Resonance

Rutherford Scattering

Q
8
8

8
8
8

3
8

do/dQ,,, (mb/sr) (180 deg)

< OV >0t X Zw% exp | —

r

kT

16

De Oliveira Santos, Prog. in Part. and Nuc. Phys., In press. hal-04673993 (2024)



18F(p,2)150
Identification of resonant states <> x) wyexp (—

r

kT

PhD L. Dienis > see her poster, E863 scheduled 2025 = A
Aim high-resolution spectroscopy in ®Ne at S,=6.4 MeV

Accessing (E, J, I',) via resonant elastic scattering via a('°0,"0)aqeq at 2 MeV/u

PhyNuBE 3™ meeting 2024 (Oléron, France) 17



18F(p,2)150
Identification of resonant states <> x) wyexp (—

r

kT

PhD L. Dienis > see her poster, E863 scheduled 2025 = A
Aim high-resolution spectroscopy in ®Ne at S,=6.4 MeV

Accessing (E, J, I',) via resonant elastic scattering via a('°0,"0)aqeq at 2 MeV/u

150 GANIL/SPIRAL1
108 pps, 2 MeV/u (spread 0.1%)
97% purity Stefan (2014)

A 4
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18F(p,2)150
Identification of resonant states <> x) wyexp (—

r

kT

PhD L. Dienis > see her poster, E863 scheduled 2025 EAD
Aim high-resolution spectroscopy in ®Ne at S,=6.4 MeV

CCCCCCCC

Accessing (E, J, I',,) via resonant elastic scattering via a(°0,"°0)ag4eq at 2 MeV/u

150 GANIL/SPIRAL1
108 pps, 2 MeV/u (spread 0.1%)
97% purity Stefan (2014)

v

Gaseous target (@)
1020 at./cm?
beam stopped in exit window
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'8F(p,2)'50

Identification of resonant states <o > x> wyew (_kirT )

T

PhD L. Dienis -> see her poster, E863 scheduled 2025 (- 7\
Aim high-resolution spectroscopy in ®Ne at S,=6.4 MeV

Accessing (E, J, I',,) via resonant elastic scattering via a(°0,"°0)ag4eq at 2 MeV/u

150 GANIL/SPIRAL1
108 pps, 2 MeV/u (spread 0.1%)
97% purity Stefan (2014)

FWHM = 17 keV, AQ = 1.2 msr (c.0.m.)
Si2 high-angle detector

Gaseous target (@)
1020 at./cm?
beam stopped in exit window
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18F(p,2)150
Identification of resonant states

PhD L. Dienis > see her poster, E863 scheduled 2025
Aim high-resolution spectroscopy in ®Ne at S,=6.4 MeV

Accessing (E, J, I',) via resonant elastic scattering via a('°0,"0)aqeq at 2 MeV/u

Excitation energy [MeV]
5 65 6 65 7 75 8 85 9
T e
1
l

450p T e
400
350

% 300

£ 250

S 200
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100
50

0

Torresi, Phys. Rev. C 96 (2017)
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18F(p,2)150
Identification of resonant states

PhD L. Dienis > see her poster, E863 scheduled 2025
Aim high-resolution spectroscopy in ®Ne at S,=6.4 MeV

Accessing (E, J, I',) via resonant elastic scattering via a('°0,"0)aqeq at 2 MeV/u

Excitation energy [MeV]

5 55 6 65 7 75 8 85 9
450:""I"''I""I""I""I"l‘|""|""|""|III
4005 ¢ Data | ‘

3505 —— R-matrix fit }
% 300H ,
o) £| — — R-matrix no new states
£ 250
% 200;— .
3 1501 %%
100
50F UV
: 11 I 111 1 I 11 1 I L 111 111 1 11 |
45 2 25 7335
Torresi, Phys. Rev. C 96 (2017) E.om [MeV]

@ PhyNuBE 3™ meeting 2024 (Oléron, France)

17



18F(p,2)150
Identification of resonant states

PhD L. Dienis > see her poster, E863 scheduled 2025
Aim high-resolution spectroscopy in ®Ne at S,=6.4 MeV

Accessing (E, J, I',) via resonant elastic scattering via a('°0,"0)aqeq at 2 MeV/u

Ex (MeV)

Excitation energy [MeV] 6.129 6.329 6.529 6.729 6.929 7.129
450 5 55 6 65 7 75 8 85 9 300 — ‘ ' ' '
; T I I I | ,l\ T T | | E Simulated data Ocm < 5 keV 15
400 ° Data ‘ o0l — R-matrix fit, x¥ndf=1.8
350;_ —— R-matrix fit '\ E
% 3005 | ol -
3 £| — — R-matrix no new states 5 2OF
£ 250 -CEJ N
g 200 4 a 1505
'8 150;_ * i E 100:
1005
50¢ UV 5ol
C 11 I 111 1 l 11 1 I L 111 111 1 11 |
45 2 25 7335 ]
Torresi, Phys. Rev. C 96 (2017) E.om [MeV] O
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25Al(p,y)?°Si

Accessing wy via angle-integrated measurement

PhyNuBE 3™ meeting 2024 (Oléron, France)
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25Al(p,y)?°Si

Accessing wy via angle-integrated measurement

PhyNuBE 3™ meeting 2024 (Oléron, France)

w’y:(

(2J 4+ 1) r,r,

2] ‘I‘ 1)(2J25Al ‘|‘ 1) Ftot |

<O'V>totOC$:

WYr

T

E,
e —_—
PATEAT
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25Al(p,y)?°Si

Accessing wy via angle-integrated measurement h
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Extension of recent method to measure C2S,, (NSCL) via d(26Al,ny)?"Si Kankainen, EPJ 52 (2016)
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Direct transfer d(2°Al,np)?6Si
Tagging of 26Si* on y-ray transitions - angle-integrated measurement of cross-section o ansfer
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Accessing wy via angle-integrated measurement
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Extension of recent method to measure C2S,, (NSCL) via d(26Al,ny)?"Si Kankainen, EPJ 52 (2016)

Direct transfer d(2°Al,np)?6Si
Tagging of 26Si* on y-ray transitions - angle-integrated measurement of cross-section o ansfer

— exp tot
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Accessing wy via angle-integrated measurement
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Direct transfer d(2°Al,np)?6Si
Tagging of 26Si* on y-ray transitions - angle-integrated measurement of cross-section o ansfer
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25Al(p,y)?°Si

Accessing wy via angle-integrated measurement
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Direct transfer d(2°Al,np)?6Si
Tagging of 26Si* on y-ray transitions - angle-integrated measurement of cross-section o ansfer
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N’y o B]f"y X Ot ransfer X €det.NvtargetlbeamrI\UT
I 2 DWBA .
o C2S,|x pPWBA > FRESCO code

o

I'pP ——» DWU code

PhyNuBE 3™ meeting 2024 (Oléron, France)

E,

kT

18

(

)



25Al(p,y)?°Si

Accessing wy via angle-integrated measurement
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Extension of recent method to measure C2S,, (NSCL) via d(26Al,ny)?"Si Kankainen, EPJ 52 (2016)

Direct transfer d(2°Al,np)?6Si
Tagging of 26Si* on y-ray transitions - angle-integrated measurement of cross-section o ansfer

L exp tot
N,y = BR,Y X0 X €det_NtargetheamTUT

transfer

I 2 DWBA .
o C2S,|x pPWBA > FRESCO code
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25Al(p,y)?°Si

Accessing wy via angle-integrated measurement
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Extension of recent method to measure C2S,, (NSCL) via d(26Al,ny)?"Si Kankainen, EPJ 52 (2016)

Direct transfer d(2°Al,np)?6Si
Tagging of 26Si* on y-ray transitions - angle-integrated measurement of cross-section o ansfer

o exp tot
N’y — BR'}/ X0t Lansfer| < €det,1\ItargetlbeamrI‘UT
5 2 DWBA .
FtZt C Sp X O transfor » FRESCO code
I'pP ——» DWU code
N, P (27 + 1)
w7y = tot X “DWBA ~ (52
Ntargetlbeamedet.TUT O ransfer (2] + 1)(2J25Al + 1)

Uncertainties = systematic <30% (from optical potentials) & statistical (1/\/Ny)
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25A1(p,y)26Si
Experimental setup

Direct transfer d(25Al,n»)26Si N, L5 (27 +1)

. , wy = % X ——
Extension of d(26Al,ny)?7Si Kankainen, EPJ 52 (2016) 7 Nitarget Ibeam€ipt Tur — oDWBA = (25 +1)(2J25 4 + 1)
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25Al(p,y)?°Si

Experimental setup

Direct transfer d(2°Al,ny)?8Si

Extension of d(26Al,ny)2’Si Kankainen, EPJ 52 (2016)

25Al@24MeV/u

High-power primary beam 28Si@10kW
Slow radioactive beam produced by
fragmentation (thick Be + Al foils)
2x10°¢ pps

>95% purity

Fragment
beam

<<

wry

N, I 27+ 1)
- Ntargetheameg%%TUT O—tDrz\xAristé (2] py 1)(2J25Al + 1)

@FRIB/ARIS rougeres et al (2023

Analysis Line
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Experimental setup

Direct transfer d(2°Al,n)?8Si

Extension of d(26Al,ny)2’Si Kankainen, EPJ 52 (2016)
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Slow radioactive beam produced by
fragmentation (thick Be + Al foils)
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- Ntargetheameg%%TUT O—tDrz\xAristé“ (2] py 1)(2J25Al + 1)

@FRIB/ARIS rougeres et al (2023

Analysis Line

@ PhyNuBE 3™ meeting 2024 (Oléron, France)

CD, target

thick (9.4 mg/cm?)

19



25A1(p,y)26Si
Experimental setup

Direct transfer d(25Al,n»)26Si N, L5 (27 +1)

— X X
Extension of d(26Al,ny)27Si Kankainen, EPJ 52 (2016) =i Nitarget Ibeam€ipt Tur — oDWBA = (25 +1)(2J25 4 + 1)
GRETINA @FRIB/ARIS rougeres et al (2023

25Al@24MeV/u

High-power primary beam 28Si@10kW
Slow radioactive beam produced by
fragmentation (thick Be + Al foils)
2x10°¢ pps

>95% purity

GRETINA@1.8MeV
FWHM_DC 0.7%
efficiency 4.6%

i Analysis Line CD, target
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25A1(p,y)26Si
Experimental setup

Direct transfer d(25Al,n»)26Si oy = N, LT (27 +1)
Extension of d(26Al,ny)27Si Kankainen, EPJ 52 (2016) Nitarget Ibeam€ipt Tur — oDWBA = (25 +1)(2J25 4 + 1)

GRETINA&SB00@FRIB/ARIS rougeres et ai (2023)

25Al@24MeV/u
High-power primary beam 28Si@10kW
Slow radioactive beam produced by
fragmentation (thick Be + Al foils)
2x10°¢ pps
>95% purity

Fragment
beam

S800 line
Lowest energy
Transmission 56%
FP efficiency 65%

GRETINA@1.8MeV
FWHM_DC 0.7%
efficiency 4.6%

B S - > a3
Analysis Line CD, target Spectrograph
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25Al(p,y)?°Si

Experimental setup

Direct transfer d(2°Al,n)?6Si

Extension of d(26Al,ny)2’Si Kankainen, EPJ 52 (2016)

25Al@24MeV/u
High-power primary beam 28Si@10kW
Slow radioactive beam produced by
fragmentation (thick Be + Al foils)
2x10°¢ pps

>95% purity

S800 line
Lowest energy s
Transmission 56% ©OPi- Scint.
FP efficiency 65%

Fragment
beam

GRETINA@1.8MeV
FWHM_DC 0.7%
efficiency 4.6%

wry

N, I 27+ 1)
- Ntargetheamegoei_TUT O-tDrXXsté (2] py 1)(2J25Al + 1)

GRETINA&SB00@FRIB/ARIS rougeres et ai (2023)

S

Analysis Line

@ PhyNuBE 3™ meeting 2024 (Oléron, France)

> a3
CD, target Spectrograph
thick (9.4 mg/cm?)

Online PID_

2360.26

2260.26

1960.26

AE (arb. u.)

1660.26

Time of flight (arb. u.)
Focal Plane Scint. vs Obj. Scint.

-8385
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25A1(p,y)26Si
Experimental setup

B (27 +1) ‘iw

Direct transfer d(25Al,n)26S;i oy = N, y FR
Extension of d(26Al,ny)27Si Kankainen, EPJ 52 (2016) Nitarget Ibeam€ipt Tur — oDWBA = (25 +1)(2J25 4 + 1) IB

GRETINA&SB00@FRIB/ARIS rougeres et ai (2023)
1st experiment supported by IRL NPA (FRIB & CNRS/IN2P3)

25Al@24MeV/u
High-power primary beam 28Si@10kW
Slow radioactive beam produced by
fragmentation (thick Be + Al foils)
2x10°¢ pps

Online PID

2260.

>95% purity =
TR
L
S800 line Fragment % 1660.26
beam

1360.

Lowest energy zen
Transmission 56% ©Pi- Scint.
FP efficiency 65%

1060.

-8585 -8485 -8385 -8285 -8185 -8085 ~7985 -7883 -7785

Time of flight (arb. u.)
Focal Plane Scint. vs Obj. Scint.

GRETINA@1.8MeV
FWHM_DC 0.7%
efficiency 4.6%

Analysis Line CD, target Spectrograph
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25A1(p,y)26Si
Investigation of bound states
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25A1(p,y)26Si
Investigation of bound states
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25A1(p,y)26Si
Investigation of bound states

Comparison with few analog states in 26Mg suriein, PRC 29 (1984), Arciszewski NPA 430 (1984)
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25A1(p,y)26Si
Investigation of bound states

Comparison with few analog states in 26Mg suriein, PRC 29 (1984), Arciszewski NPA 430 (1984)
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25A1(p,y)26Si
Resonant states

400 [ J B +
- 80— il 5
300~ : ¥ 4
% B % 60— E:..
S 200 -, S [ ., o
a [ o @ 40 < Y
s 17 S [ ORI
> = + > -
) [ 9 . o
© 100 . © 20—
B t N
oa 0
0 —
R R S RN N SN NN SO SO T N TN O TN SO SR A T S SR S P T T T WO A T T T S A SO S A SN N SR S SN SR S R R
1300 1400 1500_,. ~ 1600 1700 1800 3500 4000 oc 4500 5000 5500
EYC (keV) E,” (keV)

@ PhyNuBE 3™ meeting 2024 (Oléron, France) 21
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Resonant states
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Resonant states
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25A1(p,y)26Si
Resonant states
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esonant states
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esonant states
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22Na(p,)?3Mg
Spectroscopy of a resonant state

(3%) A
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22Na(p,)?3Mg
Spectroscopy of a resonant state
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22Na(p,)23Mg
Reasonant state population

(24Mg,4He)23Mg*

24Mg at 4.6 MeV/u
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22Na(p,)23Mg
Reasonant state population

(**Mg,*He)**Mg*
Plastic photomultiplicator
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24Mg at 4.6 MeV/u
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22Na(p,)23Mg
Reasonant state population
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22Na(p,)23Mg
Reasonant state population

(**Mg,*He)*Mg*(y)

4800 — 5
Doppler effect [ - I T AR =T =
~ - = -—=-_ _— e o = = _F:_= —_ :_ = —45 Eg F
o — il g - - -
/1 — B2 === -~ TR == T a—L &}
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9 E_VAMOS "1 — fcos(fps) [ T AL et - | Compton tracking
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24Mg at 4.6 MeV/u
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22Na(p,)23Mg
Reasonant state identification

SHe(2*Mg,*He)>Mg*(y)
F VAMOS E DC
x Y

ExAVOS (MeV)

6000 ———%——50 48
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E’° (keV)
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4000F

3500F
3000F
2500}

2000}
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0

5 6
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22Na(p,)23Mg
Reasonant state identification

3He(%*Mg,*He)2*Mg*(y)
E VAMOS E DC
x Y
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° ~
S 6000 S 800
g : 2] —| &
S 55001 c C| 2
A - o N g
5000 S =0
— | ©
= | £
4500 —| &
4000 -5
, -
3500F 150 =
B 15
F — < —~ —_
3000 P % E
2500F 100y - T 2
_ = D 3
2000F & g <
50 N 5=
15005 1 2 3 4 5 6 - ¥
ExVAMOS (MeV) I [0 L1

500 1000 1500 2000 2500 3000 3500 4000 4500
E° (keV)
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22Na(p,)23Mg
Reasonant state identification

3He(%*Mg,*He)2*Mg*(y)
E VAMOS E DC
x Y

-
ExAVOS (MeV) = - 5.287
- £ a0
= 6000 o 300
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22Na(p,)23Mg
Accessing femtosecond nuclear lifetimes

*He(**Mg,*He)Mg*(y)
(1) Particle-particle correlations

Breac from (ﬂbeam' IBejeCtil' eejectil) with 2-b0dy kinematics
Bems from (E,, 8) with Doppler effect R2cos(6) + /1 + R2cos?(f) — R? R— Er
R2%cos?(0) + 1

0.0780( 2
— m
0.0775: - 268
0.0770 - Ex=7.785MeV 24
0.07651 22
3 s 20
&3 0.0760F
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- 16
- om
0070 - Ex=3.796MeV "
0.0745;* 12
0.07400 Loty |

o b by |
0.065 0.07 0.075 0.08 0.085 0.09

ems
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*’Na(p,»)**Mg

Accessing femtosecond nuclear lifetimes

°He(*'Mg, *He*Mg*(y)

(1) Particle-particle correlations

IBreac from (ﬁbeam' Bejectil! Ge]’ectil) with 2-b0dy kinematics

(2) Angle-integrated velocity-difference profile

AB = Breac - Bems

Bems from (E,, 6) with Doppler effect R2cos(6) + /1 + R2cos?(0) — R2

0.0780.
o.o775§ -
- [ |
007705 Ex=7.785MeV
0.0765
§0.0760
= - Ex=5.292MeV
0.0755
- m
007508 Ex=3.796MeV
0.0745[
:ww\wwww\www\wwww\wwww\wwww\
0.0740~57065 0,07 0075 008 0085 0.09

ems

Counts

R2cos2(6) + 1

80

AB=

0.005

- ——1=4.0fs, Ex=5.292 MeV
70 —1=11.0fs, Ex = 7.785 MeV
60:— —1=40.0fs, Ex = 3.796 MeV
50
40—

30 1

20l 1
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Breac B ems

slowing-down in gold target
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(3) x? analysis

8 10 12 14 16
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T =117 fs

High energy and spatial resolution for particle- and y—ray spectrometers
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22Na(p,)?3Mg
Accessing p-branching-ratio

*He(**Mg,*He)*Mg*(p)

10°

AE (MeV)

102

10

SPIDER
Si telescope AE-E
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22Na(p,)?3Mg
Accessing p-branching-ratio

*He(**Mg,*He)**Mg*(p)

p-branching: particle-particle correlation

#ZMg*(p)?Nagy s decay

6-5||||7||||7-5| ||8||||8.5||||9||||9-5||||1o
E.(*He) (MeV)
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22Na(p,)?3Mg
Accessing p-branching-ratio

SHe(**Mg,*He)?*Mg*(p)

p-branching: particle-particle correlation and quantification of excited state decay channels BR, = 1/( 1 + Countsg,,/ Countsg,g, )

#ZMg*(p)?Nagy s decay

BR, = 0.68(17)%

30 -
—~ —— Experiment
> | — Total Simulations
=3 pol " EX=7785Mev
C . - Ex=7.770 MeV
LL' -
e L N B
3 10
> O L
.8 - -
1 I_ 1 H 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 I~ :_-_-_-_-
6.5 7 7.5 8 8.5 9 9.5 10 0
E.(*He) (MeV) B
_10 B | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 |

Fougéres, Nat. Commun. 14 (2023)
@ PhyNuBE 3™ meeting 2024 (Oléron, France) 26



Qt

10NS

Towards
m observat

3

PhyNuBE 3™ meeting 2024 (Oléron,

27

France

Ca



22Na(p,)?3Mg
Determination of reaction rates

E710 c. Michelagnoli, F. de Oliveira Santos, C.Fougeres, et al. 3He(24Mg,4He)23M g* @46MeVI u
(lifetime, p-branching) of p-unbound state
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22Na(p,)?3Mg
rDetermination of reaction rates

E710 c. Michelagnoli, F. de Oliveira Santos, C.Fougeres, et al. 3He(24Mg,4He)23M g* @46MeVI u
— (lifetime, p-branching) of p-unbound state

wy = 0.24704; meV

PhyNuBE 3™ meeting 2024 (Oléron, France)

28



*’Na(p,»)**Mg

rDetermination of reaction rates

E710 c. Michelagnoli, F. de Oliveira Santos, C.Fougeres, et al. 3He(24Mg,4He)23M g* @46MeVI u

wry = 0.2415°03

meV

(lifetime, p-branching) of p-unbound state

Monte-Carlo calculations
RatesMC on github wrongiand, Nuc. Phys. A 240 (2010)

Uncertainties 10 — 40 %

PhyNuBE 3™ meeting 2024 (Oléron, France)

— Recommended

— Stegmdller (1996)
- Jenkins (2004)
- Sallaska (2010)
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*’Na(p,»)**Mg

Determination of reaction rates

E710 c. Michelagnoli, F. de Oliveira Santos, C.Fougéres, et al.

wry = 0.2415°03

meV

3He(4Mg,%He)3Mg* @4.6MeV/u
(lifetime, p-branching) of p-unbound state

Monte-Carlo calculations

Uncertainties 10 — 40 %

PhyNuBE 3™ meeting 2024 (Oléron, France)

— Recommended

— Stegmdller (1996)
- Jenkins (2004)
- Sallaska (2010)

] ]

0.1 0.2 0.3 0.4 0.5

Temperature (GK)

RatesMC on github wrongiand, Nuc. Phys. A 240 (2010)
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22Na*

Expectations in ONe novae (1)

MESA

Paxton, Astrophys. J.
Suppl. Ser. 208 (2013)

Stellar modelling

SHIVA

José, CRC Press (2016)

Model 115a 15b 125 135
HD code MESA SHIVA SHIVA SHIVA
Input parameter Myp (My) 15 115 125 1.35
Rwp (km) 4428 4334 3797 2258
Toeak (10°K) 212 227 2.48 313
Mejec (10° M) /i [516 2.46 1.90 0.46
22Na abundance in novae X(**Na) 3.1x10™* 3.2x10™ 3.7x10™* 9.1x10™

@ PhyNuBE 3™ meeting 2024 (Oléron, France)

Fougeéres, Nat. Commun. 14 (2023)
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22Na*

Expectations in ONe novae (2)
Stellar modelling MES/\

Paxton, Astrophys. J.
Suppl. Ser. 208 (2013)

Nova at 0.6 kpc, M,,, = 1.2 M,

(]

(00)

Accretion rate (Ms.yr'1)

I 1 1 1 I 11
1 13 13.5 14 14.5 15 15.5 16
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22Na*

Expectations in ONe novae (2)
Stellar modelling MES/\

Paxton, Astrophys. J.
Suppl. Ser. 208 (2013) Nova at O 6 kpC M _ 1 2 M
. ’ wp — !- 0]

(]

(00)

Input parameter

Accretion rate (Ms.yr'1)

1 IIIIIIII

13 185 14 145 15 155 16 165 TW:,7(MK) Input parameter
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22Na*

Expectations in ONe novae (2)
Stellar modelling M(—:S/\

Paxton, Astrophys. J.
Suppl. Ser. 208 (2013) Nova at O 6 kpC M _ 1 2 M
. ’ wp — !- 0]

©

0

Input parameter

Accretion rate (Me.yr")
Flux Na (ph.cm2.s)

I 1 1 1 I 11
1 13 13.5 14 14.5 15 15.5 16 16.5

Twy(MK) Input parameter

Fougéres, Nat. Commun. 14 (2023)

Constrain novae parameters with observed flux 30




Future of low energy y-ray astronomy (1)

INTEGRAL/ESA 3
! A

Photon sensitivity = 1.7x10-6 ph.cm-2s-1
Energy range =[0.2, 5] MeV

HV Filter, .
Feedthro/ugh (16) 83{232',“&)

Cryostat

MLI
Blankets

Readout BGO Shield
Electronics

Kapton
Flex Circuit Cold

o HV/PMT (12)

CryoTel CT
Cryocooler

@ PhyNuBE 3™ meeting 2024 (Oléron, France)
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Future of low energy y-ray astronomy (1)

« AMEGO/NASA »

R.D.
INTEGRAL/ESA \
C ' # o =
Photon sensitivity = 1.7x10-6 ph.cm-2s-1 Photon sensitivity = 3x10-¢ ph.cm-2s-
Energy range =[0.2, 5] MeV Energy range = [0.3, 3000] MeV
_— Hoetthrauoh (16) A
I~B/|l|5|nkets
AC system
St Tracker
Calorimeter
Readout BGO Shield
Electronics
Ffee(t%ri‘rcuit Cold
Finger HV/PMT (12)
De Angelis, Tatischeff, Journ. of High E. Astro. 19 (2018)
CryoTel CT 31

Cryocooler

PhyNuBE 3™ meeting 2024 (Oléron, France)
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Future of low energy y-ray astronomy (2)

Survey of 8 observed ONe novae (60 yr) Hachisu, Astrophys. J. Suppl. Ser. 242 (2019)  José, CRC Press (2016)

Sun
eASTROGAM
cosl
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Future of low energy y-ray astronomy (2)

Survey of 8 observed ONe novae (60 yr) Hachisu, Astrophys. J. Suppl. Ser. 242 (2019)  José, CRC Press (2016)
22Na y—ray flux

Sun
eASTROGAM
cosl
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Future of low energy y-ray astronomy (2)

Survey of 8 observed ONe novae (60 yr) Hachisu, Astrophys. J. Suppl. Ser. 242 (2019)  José, CRC Press (2016)
22Na y—ray flux

Limit in detection distance
e-ASTROGAM De Angelis (2018)
2.7(5) kpc
COSI Tomsick (2020)
4.0(7) kpc

Low limit in detection frequency
=21 event / 60 yr
=21 event / 20 yr

Sun
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coslI
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Future of low energy y-ray astronomy (2)

Survey of 8 observed ONe novae (60 yr) Hachisu, Astrophys. J. Suppl. Ser. 242 (2019)  José, CRC Press (2016)
22Na y—ray flux

Limit in detection distance
e-ASTROGAM De Angelis (2018)
Ryet 2.7(5) kpc
COSI Tomsick (2020)

Ryet 4.0(7) kpc

Low limit in detection frequency
=21 event / 60 yr
=21 event / 20 yr

High limit
I:novae X (Rdet./ Rgalaxy)2

Sun
eASTROGAM
coslI
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Future of low energy y-ray astronomy (2)

Survey of 8 observed ONe novae (60 yr) Hachisu, Astrophys. J. Suppl. Ser. 242 (2019)  José, CRC Press (2016)
22Na y—ray flux

Detection frequency
levt/3yr 2 F 21evt/60yr

3evt/4yr =2 F 21evt/20yr

Limit in detection distance
e-ASTROGAM De Angelis (2018)
Ryet 2.7(5) kpc
COSI Tomsick (2020)

Ryet 4.0(7) kpc

Sun
eASTROGAM

Cosl
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Measurements of p-capture resonances strengths

Constraining sulphur Abundances in Novae presolar grains: 32S/33S strong hint of novae origin w.r.t. SNe 11?
33Cl(p, »)3>*Ar unc. rate >x2

@ PhyNuBE 3™ meeting 2024 (Oléron, France)
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Measurements of p-capture resonances strengths

Constraining sulphur Abundances in Novae presolar grains: 32S/33S strong hint of novae origin w.r.t. SNe 11?

33Cl(p, »)3>*Ar unc. rate >x2

0.397
0.303
0.300
0.217
0.188
4.664
3/2*
L=0 (1, 2)+

@ PhyNuBE 3™ meeting 2024 (Oléron, France)

Ex (MeV) Jm
15.061 1*
4 967 2
4.964 04
l4.831 24
4.852 31
4 631 ?

0 Q*

Gamow
window

01< Ty<0.8

10

107!

1073

1073

1077

107°

N,<ov> [atoms cm3 sl mol!]

10—11

—— 188 keV [0y = 5.6 X 1019 V]
——217keV [0y =2.0 X 107 ¢V]

300 keV [@y=1.8 X 10-¥eV]
—— 303 keV [0y =5.3 X 106 ¢V]
—— 397 keV [0y =4.5 X 107 eV]
---TOTAL

0.1

0.2 0.4 06 08
Temperature [GK]

Kennington, Phys. Rev. L 124 (2020)
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Measurements of p-capture resonances strengths

Constraining sulphur Abundances in Novae presolar grains: 32S/33S strong hint of novae origin w.r.t. SNe 11?
33Cl(p, »)3>*Ar unc. rate >x2

Gamow
Ex (MeV) J" window 10 -
E,(MeV) — | Talkevier-20x107ev)
¥, 10! 300 keV [@y = 1.8 X 108 V]
g ——303keV [0y =53 X 106 eV]
0.397 5,061 1t 2 ] tomr
\Y ME
0.303 4.967 z g =2
g 10
0.300 4.964 0" v g
0.217 14881 21 ; % 107
0.188 4 852 34 5
4.664 4.631 ? = 107
33
3%!+p 1071 -
L=0 (1, 2)+ 0.1 0.2 0.4 06 08
’ Temperature [GK]
0 o+
EXPERIMENTAL SETUP
» Radioactive fragmentation beam 33CI@20MeV/u - LISE/GANIL, ARIS/FRIB, ...
» Particle recoil spectrometer - ZDD, S800, ...
« y—ray spectrometer -> EXOGAM, GRETINA, ...

Kennington, Phys. Rev. L 124 (2020)
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Measurements of p-capture resonances strengths

Constraining sulphur Abundances in Novae presolar grains: 32S/33S strong hint of novae origin w.r.t. SNe 11?
33Cl(p, »)3>*Ar unc. rate >x2

Gamow
Ex (MeV) J"window 1
E, (MeV) 5.061 E,=1.77 (100%)
4.967 E,=2.87 (100%)
0.397 15.061 1+ o E,=0.83 (100%)
0.303 , v 4.881 E,=4.88 (39%)
: 4967 = 4.852 E,=2.76 (67%)
0.300 4.964 0* v
0.217 l4.881 21 S Sp
0.188 4 850 31 4.132
4.664 4.631 ?
33C|+ v
aot P 3.289
L=0 (1, 2)+ 209112 !
0 (0 A 4
EXPERIMENTAL SETUP
» Radioactive fragmentation beam 33CI@20MeV/u - LISE/GANIL, ARIS/FRIB, ...
» Particle recoil spectrometer - ZDD, S800, ...
s y-ray spectrometer -> EXOGAM, GRETINA, ...

Kennington, Phys. Rev. L 124 (2020)
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Another explosive site of interest: X-ray bursts

Explosive H-, He burning (T < 2 GK) Opened questions
Matter accretion at surface of compact star (NS) Compact star mass?
Accretion?

Light Curve?
Heaviest element /
nucleosynthesis end?

X-ray bursts

Light curve

=V ek ; - Cypburtetal, ApJ83o(2016) 1 O(a,y)'*Ne rate
= I aummat i N ] Light Curve luminosity?
e " g *r 1) w0 e o, ] X-ray burst periodicity?
ol e | / \ —— ;305a12,§319Ne bn ] Flow hot-CNO - rp-process?
hot-CNO - ~ all 5 aseline ]
ap- and rp-process B i 5
(a/p,p/y), B* decay S . = L _
- [ = HEN E
e 3
B ) 0 A T I N
o B -10 0 10 20 30 40

time (s)

PhyNuBE 3" meeting 2024 (Oléron, France) Spectroscopy of ®Ne (Ex>S,) 35



Spectroscopy of a—-unbound °Ne*.......c..

Lifetime: particle-particle correlations and angle-integrated velocity-difference profile (AB = Breac - Boms)
a-branching: particle-particle correlation and quantification of excited state decay channels BR,=1/( 1 + Countsg,s,/ Countsg,s )
Spin: angular distribution of particle decay

EXPERIMENTAL SETUP

« Stable beam 2°Ne@4MeV/u - GANIL, ATLAS, LEGNARO,...
* Particle spectrometer - VAMOS, FMA, PRIMSA, ..
* y—ray spectrometer - AGATA, GRETINA

PhyNuBE 3 meeting 2024 (Oléron, France)



Spectroscopy of a—-unbound °Ne*.......c..

Lifetime: particle-particle correlations and angle-integrated velocity-difference profile (AB = Breac - Boms)
a-branching: particle-particle correlation and quantification of excited state decay channels BR,=1/( 1 + Countsg,s,/ Countsg,s )

Spin: angular distribution of particle decay
High energy and spatial resolution for particle- and y—ray spectrometers

EXPERIMENTAL SETUP i* /CD E
+ Stable beam °Ne@4MeV/u - GANIL, ATLAS, LEGNARO,... T W

« Particle spectrometer - VAMOS, FMA, PRIMSA, .. . @

* y—ray spectrometer - AGATA, GRETINA \«/

— <20
Ne at Ex=4.7 MeV s 201
60 = ; 102
= ——1=05fs Wer
50— [ —1=50fs -
: 16 :;%-:.'ﬁ :-'.I__.r..
- —1=10.0fs L '
40— L
o 14
- L =10
2 I
< r L
20 101
— ; 1
10: | sl -
: ) /// ‘\\\ f'-:.‘ e s
0 S T e e e e s e e e s s e s
—0.001 0 0.001 0.002 0.003 0.004 0.005 6__
AB:Breac-B‘ NN NENE RREE NS NN NN A NS e A

emi

0O 2 4 6 8 10 12 14 16 18 20
elab(deg)
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Another explosive site of interest: X-ray bursts

Explosive H-, He burning (T < 2 GK)
Matter accretion at surface of compact star (NS)

2 T T T T I T T T T T T T T I T T T T I T T T T I T T
- Cyburt, ApJ 830 5016 , i
X-ray bursts [ CPur ApJBI0E0TO __ sei(a,pyocu Up ]
- ) -—- #Si(a,p)®P Up ]
S - - - %%Zn(a,p)®Ga Up |
s = el N Y B U 22Mg(a,p)?°Al Dn |
‘,& > i E" 295 (o, p)32C1 Up
G v EEEE N
2 e Sn-Sb Ew m ; ~~ — - 18Ne(a,p)2'Na Dn ]
: _ = = L -~ ®Si(ap)*P Up ]
: ol .=I | \X/ __________ ‘54AI‘(O(,p)37K Up i
..== > Baseline
| | | L] ot
..II : .==;=I. L[] g
- :
hot-CNO - . afl ~
ap- and rp-process s
(a/p,p/y), B* decay = 0 =21
_ . u I time (s)
e
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Direct a—capture cross-section measurements

Direct cross section measurement at astrophysical energy with an active target in inverse kinematics
« Stellar environment T > 1 GK, E,,, ~MeV/u & o=z 1mb

« High (thickness, efficiency)

« Excitation function in a single experiment

PhyNuBE 3™ meeting 2024 (Oléron, France)
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Direct a—capture cross-section measurements

Direct cross section measurement at astrophysical energy with an active target in inverse kinematics
« Stellar environment T > 1 GK, E,,, ~MeV/u & o=z 1mb

« High (thickness, efficiency)

« Excitation function in a single experiment

lonization chamber MUSIC carnelii, NIMA 799 (2015), Avila, Phys. Rev. C 94 (2016) Jayatissa, Phys. Rev. L 131 (2023)
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Schematic of the anode structure © 10 = —i?/ / A Present work =
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Time of flight (radioactive beams) Reaction at different energies Ec.m(MeV)
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Direct a—capture cross-section measurements &

Direct cross section measurement at astrophysical energy with an active target in inverse kinematics
« Stellar environment T > 1 GK, E,,, ~MeV/u & o=z 1mb

« High (thickness, efficiency)

« Excitation function in a single experiment

lonization chamber MUSIC cCamelii, NIMA 799 (2015), Avila, Phys. Rev. C 94 (2016) Jayatissa, Phys. Rev. L 131 (2023)
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Direct a—capture cross-section measurements

Direct cross section measurement at astrophysical energy with an active target in inverse kinematics
Stellar environment T > 1 GK, E,,, ~MeV/u & o= 1 mb

High (thickness, efficiency)
Excitation function in a single experiment
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The last words

O Need of nuclear data for processes involved in astrophysics
High-resolution spectroscopy of compound nuclei
Direct access of resonances strengths

L Active experimental programs
@GANIL p-capture resonances & novae - resonant spectroscopy & 18F in novae
@FRIB p-capture resonances & novae

O Prospects for explosive nucleosynthesis in novae & X-ray bursts
High-resolution spectroscopy of compound nuclei —> high resolution y—ray arrays
Direct cross-section measurements of a captures —> active gaseous targets

>

FRIB

Y
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O Prospects for explosive nucleosynthesis in novae & X-ray bursts
High-resolution spectroscopy of compound nuclei —> high resolution y—ray arrays
Direct cross-section measurements of a captures —> active gaseous targets

>

FRIB

Progress in explosive H-burning nucleosynthesis thanks to
(+) radioactive beam luminosity
(+) energy and spatial resolution of y—ray and particle spectrometer
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Search for 22Nain novae supported by anovel method A\ 1
for measuring femtosecond nuclear lifetimes @ NN §
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Measurements of p-capture resonances strengths

Explosive H-, He burning (T < 2 GK)

Matter accretion at surface of compact star (NS)

X-ray bursts
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EXPERIMENTAL SETUP

* Radioactive beams @20MeV/u

* Particle spectrometer
* y—ray spectrometer
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(p,y) resonance strengths in X-ray bursts via angle-integrated transfer measurement e Hammache et al
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*’Na(p,»)**Mg

Shell model insights

Spin consideration

y-ray decay path

B-delayed probability
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