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Stellar explosions and hydrostatic burning

e Novae and X-ray bursts

e Thermo-nuclear run-away on
surface of white dwarf / neutron
star

e Fuelled by material from red-
giant companion

e Type-1a supernova: subsequent
to novae in binary systems

e Core-collapse supernova:
precursor to neutron stars (XRB)

6 Time of Rosat observation

ih_oiLight curve: X-rays from
“+.Nova Herculis 1991
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Key Nuclear Uncertainties

e COMPTEL/INTEGRAL: 2°Al decay
spectroscopy survey, ESA

e Stellar fusion
reactions in
Asymptotic Giant
Branch (AGB) stars
[to the right a
He-shell flash]

Lloyd et al., Nature, 356:222 (1992)
ESA, COMPTEL/INTEGRAL collaboration

C.Aa. Diget

Herwig, Pignatari, et al., AP) 727(2011)89



Key Nuclear Uncertainties for Origins and Impact

e Direct measurement uncertainties:
e Hot-CNO breakout, current uncertainties for the 1>*O(x,y)!°Ne reaction

e Helium burning (I): the triple-alpha reaction rate

" e Helium burning (11): 12C(x,y)°0 .

e The 3He(*He,y)’Be in
hydrostatic burning and BBN

e Theoretical'modelling of reaction rates

e Extrapolated masses, decay rates and
- neutrino interactions for supernovae

e Stellar enhancement factors from
non-ground-state contributions

¥ e Rates for high level density cases -
e : : : -experimental and theoretical challenges

S cof Gelbke et al., MSUCL-1345 (2006)
07k <2 Nuc_lear ISR S Langanke & Martinez-Pinedo, RMP 75:819 (2003)
C.Aa. Diget




Nuclear measurements of Hot-CNO breakout

e The CNO and Hot-CNO cycles

e Build-up of waiting-point nuclei
in novae and X-ray bursts:

° 140
150
[
Ne 10 4\
e 18Ne F i
e <— hot CNO--1
O 8 ic
| : <--hot CNO--2
N i
e 10 < Decay Branches
C o6 > 8

e Breakout from Hot-CNO cycles:
° 140(0(,p)17F
o 150(ax,y)1Ne
e 18Ne(a,p)?tNa
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e Resonant reaction rate: velocity-
weighted cross section.

e Resonant:

(2J + 1)rarp exp(— Er )
[ tot Ks

e Gamow-window: 0.7-2.0 MeV
resonance energy for
temperatures of 0.5-1.5 GK

e For 1°O(x,y)!°Ne:
Dominated by 4033 keV 3/2+
state in 1°Ne: ['4=17+13 peV

Wiescher, et al. JPG, 25:R133 (1999)
C. lliadis, Nuclear Physics of Stars (2007)

Rauscher, Phys. Rev. C, 81:045807 (2010)



Possible methods for reaction rate studies

e Direct measurement of resonant
reaction cross section using a 3.092 5/2+ 5.107 5/2+
high-selectivity recoil separator

e Indirect: By and T (presentl 4712 52—
most direct measurement of l'a) 3¢50 iy 4.64813/2+
4.549 32— 4.550 5/2+3/2—-

e Indirect (mirror alpha transfer):
LN(OLi,dy)1?F and 1>N(’Li,ty)1°F 4379 772+ 4378 7/2+
Measure S« and I« for 19F states,

[« (1°Ne) inferred from mirror

4.197 72~

symmetry 4.140 9/2-

e Indirect (alpha transfer): 4.033 32+ —XE 4.033 9/2-
150(6Li,dy)!°Ne and/or 014, 3
150(7Li,ty)1°Ne to measure Sq '
and N« for 1°Ne states without
assumption of detailed mirror
symmetry o 150+a

3.528
19Ne 19F
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Studies of the 1°Ne states (life time and alpha branch)
4033 keV (L=1) state:

T B \aol 4.03 MeV B,=2.9:2.1x10 | 20
(2J +1) T T exp <_k T) )
with My = By Mot~ * B2/
10 |
e By =2.9+2.1-10"* from: .
e 19F(3He,t)1%Ne*(,x)150 a0 | 4.14 MeV

4.20 MeV
e Difficult: 8 t-& events on 20 | [

background of 35 bl

o [tot = Iy oc 1/7T with n
e T = 11(+4)(-3) fs from:
e y-ray Doppler-shift lineshape [2]
o[=17+13 peV

S

Count

4140, 4197 keV (L=4) doublet: s , .
e Combined (unresolved) 10 fo.1.
measurement of alpha branch [1] )
0 PR TS S S S B SN S U S S A U SN S ST U SN S ST N U AU U O NN N U A S U A R N AN A
. . 4150 4170 4190 4210 4230 4250
e Disputed ordering [1,3] By (keV)

o [1] Tan et al., Phys. Rev. C, 79:055805 (2009)
M Key Nuclear Uncertainties ‘ [2] Kanungo et al., Phys. Rev. C, 74:045803 (2006)

C.Aa. Diget [3] B. Davids, et al., APJ, 735:40 (2011)



The 12C Hoyle state and « clustering in the continuum

e Nuclear structure deduced from

triple-alpha reaction rate
constraints

‘He + “He
*Be(gs) + “He

e Prediction and subsequent
measurement of 12C Hoyle
state at 7.65 MeV

Sk

—\
—

—
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Hoyle, Astrophys. J. Suppl. Ser. 1:121 (1954)
Maddox, Nature 413:270 (2001)

H. Kragh, Archive for History of Exact Sciences, 64:721, (2010)



Stellar helium fusion (the triple-alpha process)

e Stellar helium fusion in T C energy  Width  Decoy
Asymptotic Giant Branch (AGB) (MeV) (keV)  channels
stars and supernova precursors 150 ————— 10.844(16)  315(25) o

(00 —m8M— 10.3(3) 3.0(Mmo? o

e Equilibrium population of the 50— 9.641(5) 34(5) v
8Be(0*,gs) and the 12C (0*) Hoyle
state: ) ) .

He + “"He < Be(gs) 0%0 ——— 7.65420(15) 8.5(10)10°  y.ma
8 A N 12 ~N/1r. 1 N T 7.2748  3athreshold ======---~
Be(gs) + "He = ““C(Hoyle)

e 8Be(gs) at 92 keV above threshold,
Hoyle state at 379 keV above
threshold. 250 ——— 4.43891(31) 10.8(6)10™ Y

e Subsequent gamma decay to the
ground state through the
intermediate 4.44 MeV (27) state

e Resonant reaction rate depends
on radiative width and Q-value:

N7 (aao) o« Trag exp(—Q/kgT)

00 —4m8 — 0.0 stable

07k Key Nuclear Uncertainties
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Triple-a reaction rate: status and resonances

.The HoyleState B T T T TTTI T T T TTTI T

resonant reaction rate;: ]
e Dominant rate at T9=0.1-2 1
e Combined uncertainty of |, R
10% dominated by S
pair-branch <
L :
= ;

e Other resonances, & 01p | T Fymbo & Diget (200(51)985) v T
i —)- C AR aughlan owler e
Important above T9_2' - [ Caughlan & Fowler (1988) \

- AR Resonant rate, Hoyle state
e 2t state at 9.1-11 MeV [ )
.3_ State at 96 MeV 001 | | |||;;|||| | | ||||||| | [
0.01 - 0.1 1 10
To

9.2% [Albuyuger:1977] 1.2% @ T9=0.2

. +T./T \ [Nolen:1976]
¥ U

%Fmd ' exp (—Q/kpT)

() pes X 7 exp (—Q/kpT) =

/BN
2.7% [Markham:1976] 3.2% [Chernykh:2010]

o Fynbo, Diget, et al., Nature 433 (2005) 136
\M NEFINLE GRS ‘ Fynbo & Diget, Hyperfine Interactions (2012) 1, doi:10.1007/

C.Aa. Diget s10751-012-0611-x



Recent suggestions of 2+ state observation

ltoh (2011): 12C(a, & ")12C Hyldegaard (2010): 12N/*°B(,)3

() “C(o,0) (b) PC(o,0) 8 9 10 11 12 13 14 15 16

30 - Eq:386MeV > N R R D R
= 0,,=3.7° @
220 s =
=10 : I
Z o
E0 (© g L0 (d) 8 =0 g
230k Hi-1m=0) |40F B L=1(T=0) =
g U L=2 3 g L=2 =y
% 2 g L=3 N L=3 =
kel =
7% £
10 <
> h
Og 9 10 11 a

E, (MeV)

Freer (2007): 12C(12C,3x) 12C Freer et al. (2009): 12C(p,p’)12C  Zimmerman (2013): 12C(y,3x)

Counts

LI, | L I L B B [T rrproroT 8 ;_ (a) m E2 Cross Section
8000 6_160 E o E1 Cross Section
B 3 6 %_ + — Fit 2" Resonance
34 4 ;— - 17 Resonance
6000 1000 SH ‘
> 2E
2 2
% 0 E e
4000 § £ (b) 12C(}',a0)8Be
S 120 _ PR
E" E_ —$15(calculated)
2000 e 80 e = ¢q(measured)
ASY 40 F - (52
0 o v b b by 0 ;"-"" ““““ e,
8 9E [Me\lf? 11 12 8.0 9.0 10.0 11.0 12.0 13.0 14.0

Ey (MeV)
Key Nuclear Uncertainties Itoh, PRC 84(2011)054308 Freer, PRC 80 (2009) 041303

Aa. Di Hyldegaard, PRC 81(2010)024303 Zimmerman, PRL 110 (2013)
C.Aa. Diget Freer, PRC 76(2007)034320 152502




Extrapolation of 12C(x,y)1°0: Se1 and Se2 at 300 keV

e Extrapolation of E1 and E2 S-factors from
the measured S(1 MeV) to S(300 keV)

e Detailed study of interference in Se2
e Dedicated beta-decay study of Se1

e Combined fit to all reactions that proceed
through the 1°0 states: 1?C(x,x), 12C(x,p),
12C(at,Y), *N(p,p), 1>N(p, ), **N(Bax) and
>N(p,Y)

11.820 2+

11111111111111111111111111111111111
::::::::::::::::::::::::::::::::::::

Lo zite g/ 16[MeV

69171 2+
61299 3

Ji=0T=0

160)

- Sayre, et al., PRL, 109(2012)142501
D7/ Key Nuclear Uncertainties Tang, et al., PRL 99(2007)052502
C.Aa. Diget

deBoer, et al., PRC, 87(2013)015802



Extrapolation of 1°C(x,y)1°0: Se1 and Sgz at 300 keV

e Extrapolation of E1 and E2 S-factors from«f ™~ 7 T [ DyreddamesT T S
the measured S(1 MeV) to S(300 keV) 'k -

o Quellet et al.
e Detailed study of interference in Se2

= Roters et al.
o Kunz et al. f ]
Assuncao etal. /;/
Makii et al. 3

e Dedicated beta-decay study of Se1

e Combined fit to all reactions that proceed
through the 1°0 states: 1?C(x,x), 12C(x,p),
12C(at,Y), *N(p,p), 1>N(p, ), **N(Bax) and
>N(p,Y)

Lo zite g/ 16[MeV

69171 2+
61299 3

Ji=0T=0 100
160)

- Sayre, et al., PRL, 109(2012)142501
/ Key Nuclear Uncertainties Tang, et al., PRL 99(2007)052502

deBoer, et al., PRC, 87(2013)015802
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Extrapolation of 12C(x,y)1°0: Se1 and Se2 at 300 keV

o Extrapolation of E1 and E2 S-factors from«wf ™ "7 | baagme
the measured S(1 MeV) to S(300 keV) 'k -

e Detailed study of interference in Se2

o Quellet et al.
= Roters et al.
o Kunz et al. f ]
Assuncao etal. /;/
Makii et al. E

e Dedicated beta-decay study of Se1

e Combined fit to all reactions that proceed
through the 1°0 states: 1?C(x,x), 12C(x,p),
12C(at,Y), *N(p,p), 1>N(p, ), **N(Bax) and
>N(p,Y)

|
2
11.520 2+ E (MeV)

_ _ 7.it69, g-/-16|MeV

69171 2+
61299 3

Ji=0T=0 100
160)

I I | ] I | 12C(a9’y) 1 O 1
9 10 11 12 13 14
Excitation Energy (MeV)

Sayre, et al., PRL, 109(2012)142501
Tang, et al., PRL 99(2007)052502
deBoer, et al., PRC, 87(2013)015802
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Uncertainties in Ss34, the 3He(*He,y)’Be reaction rate

0.1 1
Neutrino Energy in MeV

e Stable burning in stars (cross 2 A D,0 Detcctor
section uncertainty produces o) 217 oA
largest uncertainty in solar ——
neutrino yield) N B

I,, 1o* ,ﬁof:::‘:-"'-’— PE[:"'H:

e Big Bang Nucleosynthesis (cross 1 =~ |t
section critical for interpreting :C |
the Li problem) A N

B e 1 104/ '

-9

—
o Lbu

e Choices for measurement of
3He(*He,Y)’Be:

e Detect gamma rays from reaction

T | T | T | T
~

e Detect recoiling 7Be in separator

e Collect recoiling ’Be and later
count P-decays to “Li

51 2 3 4 5 6 7
1019x7Li /H
Key Nuclear Uncertainties Bahcall, Serenelli, & Basu, APJL 621(2005)L85

Fields, Annu. Rev. Nucl. Part. Sci., 61(2011)47

C.Aa. Diget



Uncertainties in Ss34, the 3He(*He,y)’Be reaction rate

e Recent measurement by the ERNA group using a new method of recoil
detection suggested different energy dependency of S34 above 1 MeV

e Tested independently through
recoil collection [Madrid] and
direct recoil detection [TRIUMF]

e 534 reproduced by microscopic o7 ——————————

calculations [T Neff] : A E
0.6 - v LUNA[S]  |]
. P 3 ¢ Seattle [6] b
e However, the same mlcrOSCOp|C§ 0 i = ERNA[7]
calculation should reproduce £ ¢
the mirror reaction 3H(*He,y)’Li § af
n i
e Plans for new measurement of o3}
triton-induced (mirror) reaction .t . .

[Nara Singh, Fulton and the
TRIUMF collaboration]

2 of [TRIUMF] Sjue, Nara Singh, et al., NIMA 700(2013)179
W (K:eKaNll'IDcilge;r Ehcertaimtics [Madrid] Carmona-Gallardo, Nara Singh, et al., PRC-R, 86(2012)032801

Neff, PRL, 106(2011)042502



Uncertainties in Ss34, the 3He(*He,y)’Be reaction rate

e Recent measurement by the ERNA group using a new method of recoil
detection suggested different energy dependency of S34 above 1 MeV

e Tested independently through

recoil collection [Madrid] and  os
direct recoil detection [TRIUMF] 3,55

. . S
e S34 reproduced by microscopic 3 os
calculations [T Neff] ? 45

e However, the same microscopic 04
calculation should reproduce 0.35

the mirror reaction 3H(*He,y)’Li ,

e Plans for new measurement of 25
triton-induced (mirror) reaction

Parker [7] ~¥-— ERNA-act (8] ERNA-direct [6)
—&— Weizmann [11) —&— LUNA[15) —&— Seattle[18)
~@— Madrid [12) Hungary [19] ¥ Notre Dame (2013 [20)
—8— TRIUMF(preliminary) —— Neff [8) —— Kajino {narma} [9)
1 4| = Nollet {norma} [17) Descouvemont (norma)[18) = Neff (norma) [8]

lllllIllllIIIIIIIIIIIIIIIIIIIIIII‘Il
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[Nara Singh, Fulton and the o

TRIUMF collaboration]

2 of [TRIUMF] Sjue, Nara Singh, et al., NIMA 700(2013)179
/ Key Nuclear Uncertainties [Madrid] Carmona-Gallardo, Nara Singh, et al., PRC-R, 86(2012)032801
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Uncertainties in Ss34, the 3He(*He,y)’Be reaction rate

e Recent measurement by the ERNA group using a new method of recoil
detection suggested different energy dependency of S34 above 1 MeV

e Tested independently through
recoil collection [Madrid] and
direct recoil detection [TRIUMF]

e S34 reproduced by microscopic v ———F————F——

calculations [T Neff] : A E

0.6 LUNA[S] |

. . I ¢ Seattle [6] b

e However, the same MICroSCoOpIC=e 05 = ERNA[7]
calculation should reproduce

the mirror reaction 3H(*He,y)’Li

04| =

S factor [keV

- ;% * ]
e Plans for new measurement of o3} g

triton-induced (mirror) reaction

o . 2 B I| I| I| I| II I| I| I| I| I

—
[Nara Singh, Fulton and the 0154 Gl 34 -
TRIUMF collaboration] = I ]
% 5 i

x, 010 _|

5 b -

s 1}1515 |

S tigas ;o0 BB

0.05 - _

| |

/ Key Nuclear Uncertainties [TRIUMF] Sjue, Nara Singh, et al., NIMA 700(2013)179

C Aa. Di [Madrid] Carmona-Gallardo, Nara Singh, et al., PRC-R, 86(2012)032801
-Aa. Diget Neff, PRL, 106(2011)042502




Theoretical evauations for CC-SN nuclear reactions

RADIUS (km)
S

: Proto-neuhl'(.;tl n,p a,n a,n,Be,C,Fe
- — St ' — . ENCLOSED MASS (M)
e Core-Collapse SN: gravity-driven
massive-star core collapse AV
) . 5 © T N {' 3
e Rebounding shock wave driving i W, ¢ o
an (often) asymmetric explosion o f i B e St
= e il " 1S
- . . | T ™y )
e Radiation emitted - material o o F ™
ejected ] w ‘i;i T
o0 il %
e Crab Nebula: Remnant of a Type- L { - o \\3
Il (core-collapse) supernova (1054 ™= "~ .7 \( @ i
AD) T

/ Key Nuclear Uncertainties Cowan & Thielemann, Phys. Today, 10 (2004) 47

Aa. Di Langanke & Martinez-Pinedo, RMP 75 (2003) 819
C.Aa. Diget Fryer and Warren , APJ, 601 (2004) 391




Weak interactions and groR properties for supernovae

e Weak interactions in supernovae: e GroR properties (masses and

e gravitational collapse boosted by lifetimes) for exotic nuclei

electron-capture on protons and * Next-generation radioactive ion
iron-group nuclei: p(e-,ve)n beam facilities: r-process nuclei up
to around mass 130

35} REEEEI - S
530r R o CE R
£ IR EEREERSS Tl
Z 25 el lmnknemERT LaTIiiIiii
< el eEEEE M
520r Il amEaEatTIIIIII
@ CHpEEEILIS
N TSF R
10 . §": e Log (Mass Fraction)
S DXt -5 4 -3 -2
O_)|(= | | | | | | | |
0 10 20 30 40 50 60 70 80
N (Neutron Number)

: Martinez-Pinedo, Eur. Phys. J. Spec. Top. 156 (2008) 123
C.Aa. Diget Frohlich et al., PRL 96 (2006) 142502
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Weak interactions and groR properties for supernovae

e Weak interactions in supernovae: e GroR properties (masses and

e gravitational collapse boosted by lifetimes) for exotic nuclei

electron-capture on protons and * Next-generation radioactive ion
iron-group nuclei: p(e-,ve)n beam facilities: r-process nuclei up
to around mass 130
ast RSEEE o f
g3or RETEEE R F L e A
£ RS e T
Z 251 U | cantTIT
S R HHor
5208 REEEEE T L L
o B e S B
N 15 e lixeEEERERTEIEI
10+ §x==;;! """" Log (Mass Fraction)
or IIE= -5 —I4 -3 -2
ons | | | | | | | |
0 10 20 30 40 50 60 70 80

N (Neutron Number)

S Cowan & Thielemann, Phys. Today, 10 (2004) 47
/ Key Nuclear Uncertainties Martinez-Pinedo, Eur. Phys. J. Spec. Top. 156 (2008) 123

C.Aa. Diget Fréhlich et al., PRL 96 (2006) 142502



Weak interactions and groR properties for supernovae

e Weak interactions in supernovae:

e gravitational collapse boosted by
electron-capture on protons and 10°

iron-group nuclei: p(e-,ve)n ;:;'
10°
e neutrinos from the neutron star are :
trapped and revives the stalled a0t
shock-wave: n(ve,e”)p and p(ve,e*)n..... 111101 0 ddetatad % 0
35} BREEEEEEEREY VB N
— ____:::::::;;:;: Proto-neutron  n,p an a,n,Be,C,Fe
oL i mX X star ENCLOSED MASS (M)
gso_ el iiiiipoEEESToERREEEERCaEATI.
Z 25 BUEEEEERENL Tk ST e
%20— R TT L T T e
N R L
N 15 e lliiAmEEREETEIEIC
10 §x====. ....... Log (Mass Fraction)
sl e N e
LR -5 —4 -3 -2
oL | | | | | | | |
0 10 20 30 40 50 60 70 80

N (Neutron Number)

/ Key Nuclear Uncertainties : Coyvan & Thielemann, Phys. Today, 10 (2004) 47

: Martinez-Pinedo, Eur. Phys. J. Spec. Top. 156 (2008) 123
C.Aa. Diget Fréhlich et al., PRL 96 (2006) 142502




Weak interactions and groR properties for supernovae

e Weak interactions in supernovae:

e gravitational collapse boosted by
electron-capture on protons and o
iron—-group nuclei: p(e,ve)n

RADIUS (km)
=
(=]

e neutrinos from the neutron star are
trapped and revives the stalled 10°-
shock-wave: n(ve,e”)p and p(ve,e*)n 10' 4%

a,n a,n,Be,C,Fe

e proton and alpha-rich freeze-out Protodeneon
produces neutron-deficient nuclei in FRCLOSEDASS Gl
the inner ejecta but terminates

around %4Ge (T1/2 = 645s) o With v
® Without v

Yite

0 10 20 30 40 50 60 70 80 S0 100
Mass Number A

S Cowan & Thielemann, Phys. Today, 10 (2004) 47
/ Key Nuclear Uncertainties Martinez-Pinedo, Eur. Phys. J. Spec. Top. 156 (2008) 123

C.Aa. Diget Fréhlich et al., PRL 96 (2006) 142502



Weak interactions and groR properties for supernovae

e Weak interactions in supernovae:

e gravitational collapse boosted by
electron-capture on protons and o
iron—-group nuclei: p(e,ve)n

RADIUS (km)
=
(=]

e neutrinos from the neutron star are
trapped and revives the stalled 10°-
shock-wave: n(ve,e”)p and p(ve,e*)n 10' 4%

e proton and alpha-rich freeze-out Protoheuton R 3 25.Be,C,Fe
produces neutron-deficient nuclei in FRCLOSEDASS Gl
the inner ejecta but terminates 107

around %4Ge (T1/2 = 645s) 10°F o With v
108 ® Without v

e Vp-process: in the strong neutrino-  10¢
wind these neutron-deficient nuclei , 10°
capture neutrinos on the time-scale = 10°

of seconds

1072

0 10 20 30 40 50 60 70 80 S0 100
Mass Number A

: Martinez-Pinedo, Eur. Phys. J. Spec. Top. 156 (2008) 123
C.Aa. Diget Frohlich et al., PRL 96 (2006) 142502
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Weak interactions and groR properties for supernovae

e Weak interactions in supernovae:

e gravitational collapse boosted by
electron-capture on protons and o
iron—-group nuclei: p(e,ve)n

RADIUS (km)
[
=)

e neutrinos from the neutron star are
trapped and revives the stalled 10°-
shock-wave: n(ve,e”)p and p(ve,e*)n 10' 4%

e proton and alpha-rich freeze-out Protofiun B 3 25.Be,C,Fe
produces neutron-deficient nuclei in FRCLOSEDASS Gl
the inner ejecta but terminates L .
around ¢4Ge (T1/2 = 64s) =l o
osof o os P

e Vp—process: in the strong neutrino-
wind these neutron-deficient nuclei
capture neutrinos on the time-scale
of seconds

0.00} Pt

2 i, | |
—-2.00} — I \f

ELEMENTAL ABUNDANCE
s
o
S

o

(%4

(=]
T

e Prime-candidate site for rapid
neutron-capture (r-process) i e e oheouse NS B
. . 60 80 100 120 140 160 180 200 220
nucleosynthesis (outer ejecta). MASS NUMBER A

o

Cowan & Thielemann, Phys. Today, 10 (2004) 47
; Martinez-Pinedo, Eur. Phys. J. Spec. Top. 156 (2008) 123
C.Aa. Diget Frohlich et al., PRL 96 (2006) 142502
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Stellar Enhancement Factors

e Stellar Enhancement Factor (SEF)
defined as:  p* r*

f — — rlab

rg.S.

o Assuming a similar level structure jﬁ“ﬁ
in all involved nuclei, it is expected
that the SEF of a given reaction w1ll
be smaller for the exothermic
direction fforw than for the
endothermic frey. [Forward direction here
defined as positive Q value, Rauscher 2009]

e Strong suppression for charged

* However: Coulomb suppression of  particles due to Coulomb barrier:
the SEF found for charged-particle

reactions with Q < 0 but low |Q| e A(n,p)F or A(p,o)F reactions with Q>0
e 1200 reactions: including (a,y) for e Suppress transitions to/from final

the p process and (p,y) for the rp state nucleus (higher Coulomb barrier)

process; as well as (p,n) reactions e SEF suppressed the most for the

reverse reaction (Q<0) with a larger
SEF in the forward direction (Q>0).

o Kiss, et al., PRL, 101(2008)191101
07k ey Muelear as i ies Rauscher et al., PRC 80(2009)035801
C.Aa. Diget

Rauscher, PRC, 88(2013)035803



Stellar Enhancement Factors

e Stellar Enhancement Factor (SEF)
defined as:  p* p*
f — 78-S = ylab
e Assuming a similar level structure 4™

1.1
A TA

in all involved nuclei, it is expected
that the SEF of a given reaction will ~ A<(
be smaller for the exothermic c_g(/
direction fforw than for the Q* i 6@ .................................. S O
endothermic frev. [Forward direction e A\ -

S 5 ML Q
defined as positive Q value, Rauscher&b] OQ &QQ/ ®\ C

Pa

07k inti Kiss, et al., PRL, 101(2008)191101
C.Aa. Diget Rauscher et al., PRC 80(2009)035801

Rauscher, PRC, 88(2013)035803



Rates at high level density: 2°Al destruction

e COMPTEL/INTEGRAL: 2°Al decay xS '@
spectroscopy survey, ESA @ 0ok~
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e Resonant reaction rate: velocity-

e Next—-generation satellite weighted cross ?ecrtion: s
missions: observation of 2°Al ol p r
2d + 1 exp(—
from individual stellar ( ) [ tot P( Kg )
explosions e Gamow-window: 0.7-2.0 MeV

resonance energy for alpha-

o 26 : - . : :
25A| creat;gn via proton capture: induced reactions at temperatures
Mg(p,Yy)<*Al of 0.5-1.5 GK

e 26A| destruction via B-decay and
nheutron induced reactions:
26Al(n,p)?®Mg, 2°Al(n,x)?°*Mg

e Significant corrections for neutron
induced reactions but still
dependent on spin-parity and
partial widths

S lliadis, Nuclear Physics of Stars (2007)
07k a7 e e Unge e s lliadis et al., APJSS 193:23 (2011)
C.Aa. Diget

Rauscher, Phys. Rev. C, 81:045807 (2010)



Indirect measurement of 26Al destruction

e 26A| destruction via B-decay and
nheutron induced reactions:
2°Al(n,p)?°Mg, 2°Al(n,x)?°Mg

e Observables for 26Al destruction:

e States in the region immediately
above the 13.06MeV n-threshold

e High level density (~ one per
10keV observed, more predicted)

e Spin-parities

e Proton- alpha- and neutron

widths
3
>

h
2

{
~13.3MeV Q '

~13.1MeV

HTTTINE
iy P .

Fluameter Window  Return Yokes -

(

?  Plate Motion for
Kinematic Correction

e Measurements of the states in
question using the Orsay Enge
spectrometer and the Munich
Q3D (spin parities from angular
distributions).

e Coincident silicon array for proton
and alpha branching ratios

07k Key Nuclear Uncertainties
C.Aa. Diget



Indirect measurement of 26Al destruction

e Branching ratios
from secondary  gpo
channel

coincidences: 600 ,
4
e Fo/Tior and Fo/Teot 00
e Separation of 3Q
decays to 20
individual 10
(excited) states,
e.g. 2°Mg first 40
excited:

e 27Al(,p0)*°Mg(gs) 20
e 27Al(,p1)?°Mg(1°Y)
e 27Al(,x0)?3Na(gs)

e Compare to high- 10
resolution
spectroscopy

1
a) I | I I : I I

~13.36MeV ~13.06MeV

07k Key Nuclear Uncertainties
C.Aa. Diget




Key Nuclear Uncertainties for Origins and Impact

e Direct measurement uncertainties:
e Hot-CNO breakout, current uncertainties for the 1>*O(x,y)!°Ne reaction

e Helium burning (I): the triple-alpha reaction rate

" e Helium burning (11): 12C(x,y)°0 .

e The 3He(*He,y)’Be in
hydrostatic burning and BBN

e Theoretical'modelling of reaction rates

e Extrapolated masses, decay rates and
- neutrino interactions for supernovae

e Stellar enhancement factors from
non-ground-state contributions

¥ e Rates for high level density cases -
e : : : -experimental and theoretical challenges

S cof Gelbke et al., MSUCL-1345 (2006)
07k <2 Nuc_lear ISR S Langanke & Martinez-Pinedo, RMP 75:819 (2003)
C.Aa. Diget




