Nuclear measurements for astrophysics
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* Nucleosynthetic processes and key nuclear reactions
« Specificity of charged particle reactions & experimental approaches
« A (few) selected cases in BBN, explosive burning, massive stars

and globular clusters
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Nuclear landscape and
astrophysical processes

(see V. Tatischeff’s talk)
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What are the key reactions?

Approach: sensitivity studies using post-processing Monte Carlo calculations

Method: G R
» Full hydrodynamical calculations still time consuming : :
« Use representative time-dependent density and temperature profiles N,
» Every reaction rate is sampled according to its uncertainty distribution .|
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Criteria: i
» Significant impact on energy generation or nucleosynthesis
» Search for correlations between isotopic yields and reaction rates i
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G Some recent Monte Carlo sensitivity studies
Astrophysical Reference
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BBN Coc+ (2014) JCAP

Classical novae lliadis+ (2002) ApJS

X-ray burst Parikh+ (2008) ApJS

Main s-process Cescutti+ (2018) MNRAS

Weak s-process Nishimura+ (2017) MNRAS

p-process Rauscher+ (2016) MNRAS

Nishimura+ (2017) MNRAS

Pitrou+ (2018) Phys. Rep. """' r-process Munpower+ (2016) PPNP
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Nuclear ingredients

Nucleosynthesis network depends on several rates

» Charged-particle and neutron induced reaction rates * [-decay rates
» Neutrino and photon interaction rates » Electron capture rates
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Charged particles reaction

Astrophysical energies are much below the Coulomb barrier
e.g. quiescent burning: E ~ 100’s keV << B_ ~ MeV

Rapidly varying small cross-section
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Arbitrary units

Gamow window
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Extremely small cross-sections

10 barns <o <10° barn
e Y0P, )YF lliadis+ (2008) PRC
 S(90 keV) =7.6 MeV.mb
- 0 = 6x10* barn

« ~ 5 counts per day (but background!)

Major experimental challenge




Experimental methods

Direct approach

Measurements as low in energy as possible

— (very) low cross-sections X

Main issue: background

Beam induced: target impurities, collimators, ...
Non beam induced: cosmic muons, natural
background, neutron-induced reactions

Main challenge: improve signal-to-noise ratio
* Very long measurements (weeks, months, ...)

Ultra pure targets
High beam intensities (target heating effects)
High detection efficiency

How to reduce background?

Measure underground with shielding - e.g.
LUNA

Coincidence measurements - e.g. STELLA
(see S. Courtin’s talk)

Recoil mass separator - e.g. DRAGON

Indirect approach

Measurements with “high” incident energies
- higher cross-sections

Possibility to use stable beams to study
nuclei relatively close to the valley of stability

Experimental conditions are somehow less
constraining

Main drawback:
 Model dependent X
« Sensitivity to the parameter models

Need to combine different approaches:
« Transfer reactions - E , I
- Resonant elastic scattering - E, I, I _, J*

tot?
* Trojan Hose Method - S(E)
e Coulomb dissociation, ANC, ...

Direct measurements should be performed whenever possible
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Big-Bang Nucleosynthesis «

Primordial nucleosynthesis (BBN) of light elements is Observations
one of the three observational pillars of the Big Bang 0.26
model with the expansion of the Universe and the :
Cosmic Microwave Background (CMB) radiation

* When T<10°K —» BBN begins:
* D, “He, °He, Li synthesized via nuclear reactions

- Abundances depend on Q_h’ s grye— §
* (BBN+CMB) predictions for °He, “He agree with z 10} e 1o
observations & S He Iz
* D: recent 1% precision abundance determination Cooke+ (2018) ApJ T \ ‘?’
Undergoing D(p,y) measurement at LUNA Zavatarelli et al. oo , N §
. "L (LiH) / (LiH) _— 311 2 3 "
& 10t LY
* Attempts to solve the 7Li problem: x5
e Stellar atmosphere model? New ’Li stellar mechanism 5 |

destruction? Physics beyond the standard model?
* Nuclear solution? ’Li produced by ‘Be EC PERErar s
* Additional "Be destruction channels? 10"
* 'Be +°*He — °C*
Chakraborty+ (2011) PRD
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The ALTO facllity A NDEM 4 Oreat
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Search for missing T,
10,11 C St at es &% o ; .

. . ~l0?
Experimental details: E
» Charge exchange reactions: 10? i )
— '"B(He,t)'’C & "B(’He,t)''C @ 35 MeV O : 7
. Targets: "B/Au, "B (80% *'B), *C, Si,0,,"'Au =| "7 i :
. . o 9='7'0
« Beam intensity: 100 pnA . .
3
Enge Split-Pole (magnetic spectrometer): =0Tk R I
« AE/E =5 x 10 B B
« AQ = 1.7 msr (or more, but aberrations) o=t0" )
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nge, (1979) NIM 162 o :
Spencer & Enge, (1967) NIM 49 e Pl g™ S el g e
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.. . Brho (Tm)
 No additional states in *°C nor 1C

- If present, any *°C(1 or 2) state should have I’ > 590 keV (95% CL)
 New 'Be(®*He,p)°B and 'Be(*He,x)°Be reaction rates — no impact on ’Li production

'Be + 3*He reaction channels don't alleviate “Li problem




Classical novae and )
°F nucleosynthesis

Hubble, Nova cygni

directly in the nova Gamow window. The remaining uncertainties for nova nucleosynthesis
. - . . a3 -

involve only a handful of reaction rates, particularly '"®F(p.a), 2Al(p.y) and *°P(p.y). for
which several experiments are being conducted (or have been proposed) at different facilities

— soon the first stellar explosions with all reaction rates based on experimental information

Classical novae are y-ray emitters and dust
producers

* 39P(p,y)*'S: paternity of novae grains

» 2°Al(p,y)?°Si: contribution to galactic 2°Al

e BF(p,a)0O: y-ray emission < 511 keV

y-ray observations

» Access to isotopic abundances
* Explosion mechanism
* Novae rate

« Properties of ejected envelope (T,,(**F) =2h)

18F yield depends crucially on
the uncertain ®F(p,)**O reaction

BE(p,0)**0 astrophysical S-factor

10%
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Interference effects in Gamow peak
e 3/2* resonances: “8, 38keV” and 665 keV
e 1/2* resonances: sub-threshold + 1.45 MeV



Experimental set-up @ ALTO

« The "F(°*He,t)"®Ne* charge exchange reaction has
already shown to be very little selective in populating
®Ne excited states.
— Split-Pole spectrometer

« Coincidence measurement, '°Ne states decay via
a/p emission.
— charged particle detection array (DSSSD)

Angular correlations (t + o)

Angular Distribution for E = 6014 keV
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X-ray bursts nucleosynthesis

Xe (54)]
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. 12 . | (499)m (GOl > { >
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The GANIL facility g, soceersten

Radioactive isotopes
production mechanisms:
fragmentation, fusion, transfer,
fission.

N

SPIRAL1 target

VAMOS spectrometer
CIME beams: P

He, O, F, Ne, N, Ar, Kr
E =[1.75 - 12 MeV/n]

LISE spectrometer
(in-flight)

Cyclotron beams:
fromCtoU
| <10" pps
E =[1 MeV/n —95 MeV/n]

Courtesy: B. Bastin



The *O(a,y)*°Ne reaction

Present status o
« Gamow window: 0.5 — 2 MeV (0.5 — 1.5 GK) ol | |
« 4.033 MeV state dominates up to 1 GK

10°
107
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- . . . . ° 10-:”

Missing spectroscopic information: I" in ’Ne 102 L

o

\

4.600 MeV
4379 MeV

4033 MeV

Laly —Br/ksT

e Npg<ov>x (2Jp+1)—— T
tot

— 5002 MeV

. ER, J™ known
. Ftot = Fy o 1/t with t =6.9 (15) fs Mythili+ (2008) PRC

N, <0Ov> -[4.:rr:|"n".-t:ul'1 sy
Davids+ (2003) PRC

4712 MeV
. -
025 0.5 1

X-ray bursts

Y

Alpha-transfer reaction: *O(°Li,dy)*°Ne, .. in inverse kinematics

* Intense *O RIB ~ 107 pps @ 4.7 MeV/u 15N(6Li,d)°F @ 3.7 MeV/u
« State of the art detection system 1ocem 1 | '
 VAMOS magnetic spectrometer !
— reaction channel identification (**Ne)
* AGATA vy-ray spectrometer
— identification of the 4.033 MeV state
« MUGAST charged particle array
— angular distribution measurement

20 40 &0 aj 100 120

4 3008keV L=1 D'WBA

W 3306key 3/2+ [Mao '96)

10QE-02 T

Diget+ exp. accepted

dsigmafdOmega [ mb/sr

do , ., do r2, .
d_Q)eq; - C S dQ)DWBA_) F - 2PL(T E>_ 25@ |¢<?“)|2 1.00E-03

Scattering angle {lab) f deg



Massive stars

2C(a,y)**0
a) Gamow peak ~ 300 keV

/

The *2C(a,y)**0O reaction — Holy Graal
» Determines C/O abundance in stars
* Impact on the stellar core sizes (Fe, Si, O)
» Consequence on supernovae explosions
* Nature of compact remnant formed

S factor (MeV b)

Advanced burning stages:
* The 2C+!C fusion reaction
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. . Cu Zn Zn Ga Ge Ge AsElS;niI;t Br Kr Kr Rb Sr Sr 1.00
Weak s-process: production of nuclides up to A ~ 90 ..[ 1wz 2n Gl Ge Ge Secse Be ke K Ke Ko e Y ]

« Small abundance uncertainty (~ 30 %) for most of the | - B 1 Moss
elements — 10 influencial reactions identified (above 3 02 S
Fe) i; : 0.705;

éL 0.0f 0.555;

» Most important reactions: :

* 2Ne(a,n)*Mg & #Ne(a,y)**Mg E—O-ﬁ | ¥ 0408
~ neutron source o ] Hozs

* YO(a,n)*Ne & 170(06,_7)2”_\'9 _ T es e 6s 1.7 74 76 78 79 w0 83 86 &7 87.89] |, 4,
— neutron recycling in low Z rotating stars B304 G 69 70 T TR0 BLELEE R H0 6

16 17 i inn?
from the *O(n,y)’O neutron poison reaction” Nishimura+ (2016) MNRAS



Present status

10° 4
* Negative Q-value: - 478 keV
« Gamow window: 600 = 150 keV (central He burning) —
T ]
« Direct measurement down to n+2Mg threshold =0
- BUT only upper limit below E_ = 702 keV resonance = 10"
= -3
< 107
« 2Ne + o reaction rates rely on spectroscopic properties 107 ;
of 2Mg states 107 1
- BUT inconsistent number of states, J", T" 10
(see Longland+ (2012) PRC for a review)
Recent & future indirect studies
» Very high resolution measurement (Q3D @ MLL)
1400
1200 E— S, *Mg(p,p’)**Mg @ 40 S, &)
» 1 5 10 15 20 25 30 o
1000 - =
800 - §
600 ;— ;
400 ;— %
200;— fﬂ "k ’r ‘l\ L -<CE$
10.6 10.7 10.8 10.9 E, (MeV) 11 11.1 11.2
« Confirmation of suggested states above a+??Ne threshold
* New 2®Mg states observed above n+>*Mg threshold: nature?

10 +

The %°Ne + o reactions

reaction

-6

o 22Ne(0,n)25Mg % _
£ b
.| Gamow . éﬁaﬁf S
window g a2 F
arms et al. 8, ; ; %és (
A T S
S%AMA%M%AAA%T § v
T\Giesen et alg TT%/ , K
T'ﬁﬁﬁ’jﬂ i T } . grl:tl:f(;rzkral i
lll e Others

Jaeger+ (2001) PRL

06 07 08 09 10 1.1 1.2 13 14
Energy £, [MeV]

« Determination of I' (*Mg)
— 22Ne('Li,t)**Mg @ ALTO

< Lj
34 MeV

] |G|

Development of a gas cell
(see De Oliveira, PhD thesis)

Hammache+ exp. accepted



Globular clusters &

HST, NGC 2419

It is now commonly accepted that globular clusters (GC) are made
of multiple generations implying several episodes of star formation

« Abundance anticorrelation C-N, O-Na, Mg-Al
* Observed in red giant stars where temperature is too low to
alter abundances

« Observations reproduced if 1% generation of star burns
hydrogen at ~ 75 MK and nucleosynthetic products are mixed
with pristine GC gas Prantzos+ (2007) A&A, (2017) A&A

Nature of 1% generation of stars? AGB, FRMS, ...

(see Charbonnel (2016) EAS Pub. Ser. 80 for a review)

o
Case of NGC 2419 iy
« Observation of Mg-K anticorrelation M *5
= :-::-:n--ﬁ N{.:QN_QL!,-_I_E_.______ :'i%, ",
Case of NGC 2808 A e
. . . = Hs
« Observation of K-O anticorrelation 2 [ R
* Observation of K-Na correlation g . scBs
10" ¢ e T -7
e ?—0-/_{__
) s
Need for higher temperatures ~ 180 MK
107 ‘ |
lliadis+ (2016) ApJ, Prantzos+ (2017) A&A 0.05

Temperature (GK)

elemental anomalies

[Na/Fe] [Na/Fe]

[Na/Fe]

lliadis+ (2016) ApJ

NGC 2808

Na-O anticorrelation

—U.ii)':I'|I||||I|||'I-1'|I||||I|
0.5 E
- _
0 3
-0.5 ?—:\
1 N~
o o
o (@]
0.5 F o N
F Wi T +
°Fs T L g
—05 ':Iylc'?alsﬁlllll'l_:ylclealalsllllll_ 9
R SRS AR AL i LR R
L - 18
Nk ST
OFn ®TIa 3
_05 :|_N|G Isal'olgl | | 1 |_::|_:N|G ?qalal | L1l |_:
-1 0 1 -1 0 ]
[0/Fe] [0/Fe]
Sensitivity of the T-p
locus to reaction rates
 Few reactions:
° 37,38Ar(p 'Y)38‘39K
° 39K(p’ry)40Ca
* Si(py)P
Dermigny+ (2016) ApJ



de Séréville+ exp. accepted

3°Si(p, ,Y)31 P

T T ! T W
52 keV
169 keV
A-Rate 1

TTTT] T
600 keV
483 keV

T T { |
418 keV

Contribution

Temperature (GK)

Direct measurement of the strength of
the E = 418 keV resonance

* Recoil mass separator: DRAGON
Inverse kinematic (*°Si beam ~ 10° pps)
“thick” H, windowless gas target (8 Torr)

Estimated yield per incident ion ~ 10-1°
— 30 coincident events / h

Raw suppresion factor (p,y) ~ 108 — 10*®

The *°Si(p,y)*'P case

 Temperature range: 100 — 200 MK
« Most uncertain resonance: E_ = 418 keV (J* unknown)

- Reaction rate for narrow resonance
Ny < ov > (wy)e Br/ksT

Gas

-

Box

DRAGON ~ X
@ TRIUMF e
e

Final Focus

IC/IPGAC

Stop
MCP Start

Recoil Detectors

Magnetic
Dipole



Li/H
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73 75 77 80 81 82 81
Mass number, A

Summary

Major nuclear reactions having strong impact on energetics and
nucleosynthsesis of astrophysical sites/processes are identified

Recent detailed sensitivity studies (s-, r-, p-process) to identify
influencial reactions and possible overlooked reactions so far

One of the key ingredient is the thermonuclear reaction rate
Crucial to give statistical meaningful reaction rates uncertainties

Cross section is the key nuclear ingredient

Two experimental approaches:

* Direct measurements (very low cross section): ¢, @y

e Indirect measurements (higher cross section but model
dependent): E,, J°, ', I,

Many nuclides are radioactive
— development of challenging radioactive ion beams
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