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* Nuclear needs for astrophysics calculations
Nuclear versus Astrophysics modelling in nuclear astrophysics
applications
« Experimental and theoretical nuclear challenges for an improved
determination of reaction rates
with some 1llustrations: nuclear structure, NLD, Fission



Astrophysics needs for nuclear data are defined by the sensitivity
of the astrophysics predictions to the nuclear inputs

Differ ent types of astr ophysics models

++ — State of the art: 3D (~ self-consistent) models
p-process in SNla explosions

+—  Realistic 1D (~ self-consistent) models
P- and s-processes in Massive Sars

— Parametrized (semi-realistic) 1D models
s-process in AGB Sars, r-processin NSV

——  Parametrized (unrealistic) 1D models
r-processin v-driven wind

——— Phenomenological parametrized site independent models
Canonical s- and r-processes

Remain critical about the astrophysics models
(even the 3D ssimulations are not free from astrophysics uncertainties!)

Obvious need for accurate and reliable nuclear data, ... but
the uncertainties in the astrophysics models most of the time prevail



[ Nuclear physicsisa necessary but not sufficient condition for Nuclear Astrophysics]

Mechanics Thermodynamic
Convection, diffusion, rotation, Equation of State, Heat transfer,
implosion, explosion, mass exchange Degeneracy

Atomic Physics Particle physics
I onisation effects, opacities, neutrino cooling/heating
transition probability v—transport, v—nucleus interaction

Nuclear Astrophysics
(Stellar Evolution, Nucleosynthesis)

Electromagnetism Gravitation
Radiation transfer, magnetic effects, Mass transfer, mass loss, binarities,
conductivity gravitational waves

cold and hot nucle

PN

[Nuclear StructureJ (Nuclear Reactions]
M ..

asses, deformation, fission,. Thermonuclear & Spallation

Nuclear Physics
Strong, Weak, Electromagnetic

( Nuclear M atter
E

guation of state, nuclear forc

Weak Processes
B*, B-, EC, PC




[ Astrophysics Modelling ] [Nuclear PhysicsModeIIing]

STELLAR EVOLUTION:

low- & intermediate-M stars pp,CNO,He-burning, e-screening
massive stars 12C(o,y)1°0, C+C,0+0

type-I1 supernovae, long y-ray burst NSE, EC, nuclear EQS, v-interaction
neutron stars, short y-ray burst NM EOS, v-interaction, picno-reaction...
novae, type-la supernovae hot pp,CNO,NeNa-MgAl,a-chains
X-ray burst hot CNO,NeNa-MgAl,(p,y).(y.p).(c.,p),B*

A<56 NUCLEOSYNTHESIS (in particular: °F, %3Na, %6Al...):

low- & intermediate-M stars pPp,CNOF, NeNa, MgAl,He-burning
massive stars He-burning, C+C,0+0,2C(a.,y)1°O
type-11 supernovae NSE, nuclear EQOS, v-interaction
novae, type-la supernovae hot pp & CNO, NeNa-MgAl, a-chains

-+ H-: H--



[ Astrophysics Modelling ] [Nuclear PhysicsModeIIing]

S PROCESS:

low- & intermediate-M AGB Stars CNO,He-burning,(n,y),p,EC,%’Ne(a,,n)*®*Mg
Massive stars (n,y),p . EC, Ne(a,n)®Mg

P-PROCESS:

O/Nelayersof (pre)SNII / SNIa (v,n),(v.p),(v,00),5%,(p,y), ?Ne(o,n)>>Mg
He-detonation in Sub-Chandra WD (oY), (o,p),(p,Y),(v,n),(v,p),.(Y.0)
R-PROCESS:

v-driven wind of supernovae n-,p-,o.-captures,(y,n),B,fission,

v-captures, ...
Decompression of neutron star matter neutron matter EOS,3-,fission, (n,y),(y,n)

-+ H-: H--



Nuclear needs for nucleosynthesis applications
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’ Exotic species (no experimental data)

. Large number of nuclei and properties involved



From thelab to the astrophysics applications

Direct measurements of cross sections & [3-decay half-lives
* Major burning phases (pp, CNO, He, ...)
 S-process nucleosynthesis

Indirect information to estimate reaction & weak rates
Almost all nuclear astrophysics applications !
 Extrapolation of 6(E) to the energy range of relevance
« <ov>"in a stellar plasma, T- and p-dependent weak rates
e many nuclei (radioactive, exotic)
e many properties (n-, p-, 0(-, Y-capture, fission)

In MOST cases, a direct measurement of the cross section 1s not enough !



Nuclear Ingredients required to estimate the stellar rate

1. Ground & Excited state properties

* Ground state mass, equilibrium deformation, density distribution, shell
energy, pairing energy, spl scheme, etc...

 Excited spectrum (E,J,m) - Nuclear Level Densities p(E,J, 1)
 Spectroscopic factors (E,J, )
» Energy surfaces - Fission barrier, width

2. Interaction properties
* Nucleon-nucleus optical potential

 Alpha-nucleus interaction potential
* v-strength function: Giant Resonance Properties
* Fission dynamics (neutron-induced, spontaneous fission)
Nuclear Ingredients from (1) direct experimental data
(2) indirect (model-dep) exp. data

(3) theoretical models



Concern of next decade

(reproduce exp.data)

applied physics

Concern of
applied physics

Challengesin theoretical physics
| PHENOMENOLOGICAL DESCRIPTION |

ACCURACY Phenomenological models

(Empirical Fits, Systematics)
Classical models
(e.g Liquid drop, Droplet)
Semi-classical models
(e.g Thomas - Fermi)
Mic-mac models
(e.g Classical with micro corrections)
Semi-microscopic
(¢.g microscopic models with phenomenological corrections)
Fully microscopic
(e.g mean field, shell model, QRPA)

[ MICROSCOPIC DESCRIPTION
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Coherent treatment for all nuclei
[ GLOBAL MICROSCOPIC DESCRIPTION ]

Coherent treatment of all properties for all nuclei
V| UNIVERSAL GLOBAL MICROSCOPIC DESCRIPTION |y

RELIABILITY
(Sound physics)
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Challenges in experimental nuclear physics

Threeimportant componentsin experimental nuclear astrophysics

1) Crosssection measurement for a given well-defined astr ophysics

scenario.

- stellar evolution:
hydrostatic burning phases (H-, He-, C-burning): ?C(a,y)'°0, 12C+12C
explosive phases (SNIa): o-chains on °C and '*C

- neutron source for nucleosynthesis: >?Ne(o,n)>°Mg

- nucleosynthesis: (n,y) cross sections for the s-process

- y-astronomy: ¢.g “Fe(n,y)*'Fe

Relatively rare and difficult cases left over (though mainly stable targets)
Most has been done (“‘the feasible ones™)



2) M easurement of given propertiesfor alarge set of nuclei:
- masses and structure properties of stable and exotic nuclei
- resonance spacings at S_ --> NLD p(U,J,r)
- photoabsorption data and <I".> data --> f,(U)
- n, p and o elastic scattering and <I' > data --> OMP
- fission barriers
- reaction cross section (n,p,o-captures) --> Reaction model validation

Need for a regularly-updated library of evaluated input parameters:
Fundamental
- for accurate cross section (and rate) calculations
- to improve systematics of phenomelogical models
- to determine the best set of parameters of theoretical models
- to test physics input of global microscopic models

Extension of the systematics to unstable nuclel
but still many properties on stable nucle1 are missing !!



MASSES - [ito)

- Mass Excass

- G5 Deformalions

- Mucl. Matter Densilies
- Q-values

LEVELS - (it}
- Leval Schemas
- Lavel Paramalars

RESONAMNCES - (iin)
OPTICAL - jiin)

- OM Paramelers
- Daform. Parametars
- Codes

DENSITIES - jfip}
- Tolal Level Densilies

- Single-Padicle Levels
- Partial Level Densities

GAMMA - jfin)
- GDR Parameters
- Exp. Strength-Fun.

- Micro, Strength-Fun.
- Codes

- Plol of GDR Shapa

FISSION - {fi)

- Bamiars
- Laval Densilias

HANDBOOK - itn)

NDOS-home GCD-ROMs RIPL-1 ENSDF NuDat EMPIRE-I

Coordinated by the IAEA Nuclear Data Section

Release Dale: Aprl 20, 2003

RIPL-2 library conlains inpul parameters for theoretical calculations of nuclear reactions invohang light particles such as n, p, d, 1, 3-He, 4-Ha, and
gammas al incident enargies up fo aboul 100 Ma¥. The library conlains nuclear masses, deformations, matter densities, discrete levels and decay

schemes, spacings of neutron resonances, optical model potentials, level density parameters, Giant Resonance parameters, gamma-ray
strength-functions, and fission barriers. |1 also includes extensive dalabase of lavel dansilies, gamma-ray strength-lunctions and hission bamers
calculated with microscopic approaches. Several computer codes are provided in order to faciitate use of tha library.

RIPL-2 has bean developad undar an inlemational project coordinalad by the IAEA Muclear Dala Section as a conlinualion of the RIPL-1 project
concluded in1887. The onginal scope of RIPL-2 was 1o tesl and validata RIPL-1 database. In the coursa of work most of the recommanded files wara
exlended and many new wera added. On the other hand, a number of so0 called "olhar fies from RIPL-1 are nol included in RIPL-2. Tesling of these
files was not al the level lypical for the RIPL-2 fies bul they may siill ba a valuable source of additional information. Therafore, RIPL-1 remains avaiable
although use of the RIPL-2 data s generally recommendad.

RIPL-2 dala are organized inlo segments, which can be accessed through the Contents of RIPL-2 or through the navigation bar on the lell. The (ftp)
links next o segment nameas provide direct (fpdike) access to the RIPL-2 direclories. Entire segmants (tarmed and gzipped) can be downkbaded by
clicking on a file with a proper sagment name and .1gz extension (8.g., masses.tgz). Thesa fies are placed in their respactive RIPL-2 directones.
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Ground-state properties
RIPL -2 « Audi-Wapstra mass compilation

» Mass formulas including deformation and matter densities
MASSES - (ftp)

it Discrete Level Scheme including J, &, y-transition and branching
- GS Deformations

- Nucl. Matter Densities AVCI'&%E%GMIdﬁaRde&IBIﬁIEmamete S
LEVELS - (ftp) s 3V83uE kpading of resonances --4> level density at U=S

- Level Schemes 2 noYFERStRnadidpegtion ---> opfical i okl 61]191%@
- Level Parameters (R : :

s JXOrRPe ,};ggbquﬁo?{édth ---> 7y-ray strength function
RESONANCES - (ftp)

_— Optical Model Potentials (533) from neutron to “He

OPTICAL - (ftp)

- OM Parameters ® Standard OMP parameters
- gegorm. Parameters * Deformation parameters
-Lodes

 E- and A-dependent global models (formulas and codes)

DENSITIES - (ftp) Nuclear Level Densities (formulas, tables and codes)

- Total Level Densities

- Single-Particle Levels * Spin- and parity-dependent level density fitted to D,
- Partial Level Densities » Single-particle level schemes for NLD calculations
GAMMA - (ftp) * Partial p-h level density

- GDR Parameters

- Exp. Strength-Fun. :

- Micro. Strength-Fun. Y_Strength function (El)

- Codes * GDR parameters and low-energy E1 strength

- Plot of GDR Shape

FissibR bﬁtﬁﬁlj@@}s’function (formulas, tables and codes)
Flolhloin / » Fitted fission barriers and corresponding NLD
- Barriers . .
- Level Densities * Fission barriers (tables and codes)
« NLD at fission saddle points (tables)




Direct or Indirect Observables used to constrain nuclear models

Ground-State Description

M(ZFA)HPQJ I.ig.'{.E".' ."j‘-m T[\.-:I ~{Gq1‘}':hwq

M asses, radii, def, spin, spl, nm calc.
Isom, NLD, B GR,...

fission?

A

——

Excited State Description
J-,t-dependent p(Z,A)

s-wave neutron spacings (D, D,)
L ow-lying states

LS

D S

[ statistical calculations of reaction rates |

m m m
o) T (J7) ") L")
n,p-Nucleus Optical Potential| | «-Nucleus Optical Potential| | E1-M1 y-ray strength | | Fission barriers & NLD
Differential xs Differential xs GDREand T Barriers
Reaction Xs Reaction Xs <r,> Fisson xs& T,

o-decay




3) Specific measurementsto bring new insight on a given
physical property (or parametrization) that could
have a significant impact on the extrapolation of
the predictions
(in particular far away from the valley of stability)

For examples:

» Determination of specific nuclear structure properties

* Nuclear Level Densities at high energy and/or for exotic nuclel

* Dipole strength at low energies (pygmy resonance, zero-energy
limit)

« Imaginary component of the neutron optical model potential for
exotic n-rich nucle1

 a-nucleus optical model potential below the Coulomb barrier



Uncertaintiesin the symmetry energy

Energy per nucleon of pure neutron matter
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J=30-32MeV also more compatible with *°*Pb neutron skin thickness: 6=R -R,

J=28MeV: 6,,=0.12fm
_ N + Yth
0,,,= 0.14+0.04fm (Hoffman et al. 1980) > { J=30MeV: 6,=0.15fm
0.20£0.04fm (Starodubsky et al. 1994) J=32MeV: 0,,=0.19fm
. t .



nuclear matter at B-equilibrium

composition of theinner crust of neutron stars
(pp=10"g/cm? - T=0MeV - Thomas-Fermi calculation)

Initial conditions for r-process in decompression of 1nitially cold NS matter
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Nuclear Level Densities

Fundamental ingredients for radiative neutron captures
(also define the relevance of the reaction model: resonance vs direct)

Models for practical applications:
* Phenomenological models (BSFG, Cst-T, ...): highly parametrized

» Two Microscopic Global models (statistical & combinatorial)

(Extensive literature on microscopic models but nothing of practical use for nuclear applications)

ACCURACY:
« ~295 s-wave neutron spacing D, at U=S_
 low-lying states for 1200 nuclei1
Clear lack of exp. information, though many model-dependent data exist



S . 2 3L g 3L .
particle—ycoincidence in the (°*He,a)) & (°*He,°He’ 9) reactions (0510 Group)

Difficulty to deal with model-dependent experimental data ....

1
D= J,>0
p(Sn, Jo +1/2,m0) + p(Sn, Jo — 1/2,m0) < > Pobs(U) = Zp(U, J, )
I,

_ ! J,=0
p(Sna JO + 1/23 WU)

Different normalization at p,(S,) due to different spin and parity dependent NLD formula

— v+ lheoretical normalization based

s3]  onthe combinatorial predictions
161y, e < | for spin and parity dependences
# x
o2y 1 “experimental” normalization

1 based on the BSFG formula with
7 assumptionsonthea A .
parameters, T(U) and 63(U)

®  Guttormsen et al. (2003)

HFB + Combinatorial {  BOTH combinatorial and BSFG

--------- HFB + Combinatorial (renorm)

Sensitive to 7- R reproduce exp. D, !!

dependence E [MeV]




Need for more experimental information on NLD

Compilation of 296 s-wave resonance spacings (RIPL-2):
strong constraint on NLD models at U=S_ at a given spin, parity

At U=S_, strong shell, pairing, deformation dependence

1
D =
p(SnyJo+1/2,70) + p(Sn, Jo — 1/2,m0)
1
B p(Sn, Jo+1/2,m)

1,0

1,=0

What about 1sospin dependence ? High energy extrapolation ?

p-wave resonance spacings D, could further constrain NLD models
Compilation of 50 p-wave resonance spacings available (RIPL-2)

Need for more experimental information (as model-indep. as possible) !



Prediction of fission cross sections

Fundamental for the r-process & chronometry: no predictive power at the present time

Taw(E,ho) = 1
T(E,d,7)= | p(E,J,m) Ty (A hv)de { [1+ exp(=27E / hw)]

Fundamental ingredients:
e Fission barrier heights
* Fission barrier widths
* Nuclear Level Densities at saddle points

} Fission path

Only experimentally-based systematics or phenomenological models are used
Clear lack of a sound theory and direct experimental constraint to estimate in particular
width and NLD for unknown nuclei

MAJOR CHALLENGES:
* coherent & microscopic predictions of all inputs
e significant experimental information to constrain & validate models



HFB calculation of the Fission Barriers

Full 3-D energy surface within the Constrained HFB model

240
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Determination of the fission path

HFB path versus Inverted Parabola approximation
8 I ] I T T | T
;L B=595MeV  B.=5.92MeV d
hw= 0 83MeV  hw=0.44MeV 240Pu
6 [ |
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- o 0.4 0.8 1.2 1.6 2 2.4 2.8 3.2
B

What about the impact of a large sub-barrier at high deformation ?



Nuclear level densities at the saddle points

HFB model constrained on Q,0,H moments provide at each deformation
(and at saddle points) all nuclear properties needed to estimate the NLD

single-particle scheme
at saddle point deformation

QuickTime™ and a
TIFF (LZW) decompressor
are needed to see this picture.




Determination of the n-induced fission cross section

Need for
1) Microscopic predictions of the nuclear imputs
* Ground state properties (e.g from HFB models)
* Fission Barriers (to be adjusted in the comparison with exp. data)
* Fission width or full energy surface (e.g from HFB models)
* Nuclear Level Densities (e.g from combinatorial + HFB models)
* Microscopic n-OMP (e.g JLM-B)
+ inclusion of dynamical effects (cf. H. Goutte)

2) More experimental data, in particular (n,y) and (n,f)
for validation of structure and reaction model



- Global determination of the n-induced fission cross section

10




Conclusions

The exact role of nuclear physics in Astrophysics will remain
unclear as long as the astrophysics site and the exact nuclear
mechanisms of relevance are not fully under control

Evolution (+) P-process (£) S-process (£) R-process (—)

Emphasis 1n nuclear astrophysics should be put on a continued
effort to provide the best nuclear physics:

- Experimental data of relevance:

- Direct measurementsfor specific reactions (level of accuracy isfunction of the
astrophysics scenario)

- Systematic measur ements (masses, NL D, E1-strength, OMP, Fission,... )

- Waeéll-targeted experimentsto highlight given properties
with STABLE aswell asUNSTABLE targets

- Universal Global Microscopic models: Accuracy AND Reliability



Observational information outside the solar system
(mainly elemental spectroscopy)
Provide (in)direct information about the astrophysics site,
galactic history, nuclear mechanismes, ...

S-process: intrinsic and extrinsic surface enrichments detected
++ Many observations that can be explained
—— Many observations that cannot be explained !!!!

R-process: only extrinsic surface enrichments detected
+ Some still-debated observations in low-Z stars of interest
—— No information on possible astrophysics sites

P-process: no p-process elements observable
—— No information of any kind outside the SoS
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Combinatorial model based on HFB

s-wave spacings
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Shell-dependent BSFG model
Rauscher et al. (1997)
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The 1sovector parametrization of JLMB (Bauge et al 2001)

Renormalization of the JLM potential in a Lane-consistent potential (isospin symmetric)
* Real part: V(t,E)= A, [Vy(r.E) £ A, (p,-p,)/ (P, 1P,) V,(T,E)]

+ Imag. part: W(LE)= A, [Wy(L.E) = A, (9,-p,)/(p,+p,) W, (r.E)]
Renormalization on (n,n), (p,p) elastic scattering and (p,n) QE scattering from GS to [AS
as well as reaction data (40<A<209; E=1keV - 200MeV)— JLM-Bruyere OMP
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Impact of the isovector part of the imaginary potential
close to the stability line

2.2_ L L AL L N\ 102_

E

MR A TR T B T ET] R e + e duul 4 L e | M| L
10° 100 100 1d 10 10 10103 102 10! 14 10

E [MeV] E [MeV]



Impact of the isovector part of the imaginary potential
far away from the stability line

<ov>(A,, ™) / <ov>(A,,)
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Possible experimental information by (n,n) and (p,p) measurements

on exotic n-rich nuclei at the same low energy

Also requires confirmation by extended BHF calculations in asymmetric NM



