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WX LRP 2010 - Objectives

AReview status of the field

Alssue recommendations to advance
T The science

I Its applications in Europe

A Develop action plan (roadmap) for:
Building new large-scale Research Infrastructures
Upgrading existing Nuclear Physics facilities
Collaborate closely with smaller scale facilities

I support EU FP7 ( FP8) projects ( I1As, ERA-net NUPNET )

APut European Nuclear Physics into global context

I NSAC ( DoE & MEFAINAs@a, ALAFEMA In Latin America
1 | UPa&n&OECD Global Science Forum -
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Scientific themes

1) Hadron Physics

Muclear Astrophysics

2) Phases of Strongly
Interacting Matter

3) Nuclear Structure & Dynamics

nucmn.nunm,}..;y 4) Nuclear Astrophysics

Systems

5) Fundamental Interactions

6) Nuclear Physics Tools
& Applications

One introduction on Facllities + 6 chapters
Summary andeccomandations
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NuPECC LRP (2010)

FAIR and SPIRAL2
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WY | RP2010 Nuclear Astrophysics

The BigrBangrereatedronly,/HydrogendandiHeliumi. t All the
other elements:arecereatedrin accontinuing cosmig:-cycle
which invelvestthetbirth | life;andideath oftstarts

An excitingcooperation

Astronomical
Observation

~

between sciences

Astrophysics
Modelling

N

Nuclear
Physics

>

ANuclear theoryc global input for models
Auclear experiment tests of key reaction
rates and nuclear structure
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Overarchmgtthenes very diverseffiett

Accelerators: small university based (through underground) to international facilities
Beams: gamma, neutron, particle, radioactive, (neutrino)

Techniques: multi-detector arrays for beta, gamma, neutron, particle, neutrino
spectrometers, traps, low backgrounds, AMS

Theory: masses, lifetimes, decay rates, reaction models, optical potentials
shell model, finite temperature effects, plasma modifications,
screening effects, equation of state, neutrino rates etc.



nucleosynthesisiacross ther

Where do the chemical elements come
from and how did they evolve ? .
up toSnTe region

EEPF”- YEEENl

I'D ProCess
powered by protons

(p.g) / b

“ r>10tg/cm?® T°(1-3) 1°K “

Novae, Xay burstersX

Nucleosynthesis
in stars sandr processes
Explosive

nucleosyntesis

powered by neutrons
(ng) /b

mEEEE = s process: (AGB stars, red giants

t2100 yr r°10° n/cn? T=(0.1-0.4) 10°K |

I process: ? (supernovae, neutron star
t¢1 sec r21?%n/cn? T =(1.83.3) 10°K |
explosivenucleosynthesié

pp chain




Reacitonsat low energyinduced by chargetiparticles
Stalble beams

AUndergroundLaboratoriesLUNAhasthe leadership andwill keepit for the
next decade (noother undergroundlaboratorieshavean acceleratorat 3-4 MV)

Aon ground laboratoriesare producingexcellentresultsat higherenergies
with indirect methods

(seeCN at LNL,
LNS withtrojan horse,
CIRCE (Caserta)
ORSAYIPNO
ATOMKI
Demokritos6 dzLJANI RS FYR | ySg ¢! b59a XX
Croatia
Cologne
X X



SelectetNuclearastrophysicsactivity at IPNQ:

26A| Obsenvationsand nucleosyntesis
—26Ayield

Obser rations of “*Al" (T,=74105yr): 24 B* *Mg* .
AstrophyS|caB|te for 26AI production | dependson
it: MPE Garching / R. y,

6Al(n,p) and
*6Al(n,alphg

' reactions
i e e =
" L[ 3 Resonanees
» ' . 2 A. Above
8 z . : , ' “ I' : n-binding
EALY AL G Wi | i energy
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SelectetNuclearastrophysicsactivity at Demokritos
p-process
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I Demokritos-Bochum data ‘
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Chvaggedparticle reactionsfor astrophysics
witlh radioactive beams

Array for Nuclear Astrophysics Studies with Exotic Nuclei
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TSR @ HHIESOLDE

1

induction
accelerator Q

electron N

resonator

g

cooler

¥

extraction

/ =" R : ‘f?
Physics programme

Astrophysics
Capture, transfer reactions
Be half life

Atomic physics
Effects on half lives
Di- electronic recombination

Nuclear physics
Nuclear reactions
Isomeric states
Halo states

Laser spectroscopy

Neutrino physics




n_tof and neutron probesin other Laboraioriies

[ o5
15+ |sotopicratios
.. of Kr

Mainly s-process:

n captureto determine n‘eutron

densities in starsfrom isptopicratio

Nuclearcosmo-chr

nometer

sol. abundances (Si = 10‘)
s 3 5, E,
-}




Futuren facilitesfor NuclearAstrophysics

(eaie )
150 kV
Temminal W, = 120 keV W.=1MeV W.=187.21 MeV Beam dump
P24z 10W P *1zI10'W P _*21xI10W Detectar and Cavity
' et stand
/ Steerer \\ Rebuncher 4 \ Neutron bean
' ‘/ ."v“ F . .
Sowce A X 4 F o mpeen eutron flux:
xtractor \ f - 12 -1
\—) Chopper Rebuncher Chopper v 1102 s
At= 50.100ns f« 5.10MHz Bending 9 ¥\
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Li Target ——% 5
RANZL o
Frankfurt ime== @
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- A. 7 -1 -2
Dl B . Balines neutron flux: 4-10” s-' cm

A. Schempp, O. Meusel and

R n-capture for rare sotéﬁ
LEN/Aat LN L Radioactivetargets and
Smallccrossections
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. Wi LRP2010 Recommendations

LPerform Major Upgrades
ie. .
T AGATA

Where are we?

AngelaiBraccd 8-20 April 20E5



AGATAat LNIL:: Solarhydrogenburning probed via DSAMifetime
measurementin 0 '

suy
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Bottle neck
reaction in CNO

N
\A
2 H .
: 6 H
Counts / keV

63'60 6380 6400 6420 6440 6460  oppposhrosdrioboogbodito . M

Life time- Radiativewidth- Energy [keV] N
Measurement 1200 10307 ——% d
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FP-ProCeESS : reaction flow through 5¢Ni: Importance of excited states in 58Zn

Type IX-ray burstc the rp process Spectroscopy of neutron-deficient 58Zn in
d(*’Cu,%8Zn+g) at 75 MeV/u

Reaction rate dominated by 2esonances I

So far: no states
measured ir%Zn
-> only fromtheory

57Cu(p,g)582n
among TOP 20

w
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reactions *;» 200 | 2 .
= 150
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Nuclearreaction 50 | t’h | Il
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Zn (30) 5 0 1000 -E‘f‘(](](‘).“ - l‘ ?20“ 4000 5000
X-ray bursts nergy [keV]
Cu (29)
Ni (28) ‘tlhmolugh |
Co (27) important With GRETINA
Fe (26) waiting point °Ni

From A. Gade- PRL By: LangePRL113(201432502.
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~ Nuclear response and supernovae

Weak reaction rates in astrophysical phenomena

do
Electron capture dominated (d_ﬂ) — O'B(GT)
q=0

by allowed Gamow Teller transition

46 i(t3
Counts/2 keV SC46TI(t’ He-}g)
AT 1+ GT__ 991.33(4)
1) E(**Sc)=0.991 MeV [
] © [ 4630
Corecollapse X - 47 oV M
(Type Il) Supernovae FE
25 2+ v 444.137(13)
.  35%
< N 216 keV M1
G(\\'O NEEXSY B
Q((\ o o ST 3+ v  227.767(9)
cO G «e® 227 keV M1
(\\"\(\\) 0\6'\0(\ 5 6\9
@ \(\,Q(e (\\)0\8 5 - 4+ 0.0
NS ,\,&\0\G we® 0.0 0.5 1.0
\)(\6% '\QCV E. (MeV)
‘3\‘/ B(GT)49=0.009° 0.005(experimentalj 0.003 (systematic)

From Zegers i Langer C. et al PRL113(2014)032502



Importance of Nuclear Deformation
for r-process

b-decay halflivesandneutron emission probabilities
are different IDEFORMERNd SPHERICAbDuclei

tpsmﬂ =7xt|prF

) / PnSP’H =~0.5x PﬁDEF

[sotope  Tym (ms| Pp %] Ty [ms] Pp % Ty ms| Py %
spherical deformed experiment

(Ge-85 232 2 I86 2.4 A Sy l:i_-['l!}
(re-Ri6 627 A5 i 8.4

Ce-87 364 33.9 56.7 6.3

(ze-BR 171 09.4 15.8 0.7

As-50 ERY 19.4 286 1.7 945(8) 26(7)
As-87 739 46.7 238 529 REO(LLOY  17.5(25) —>
As=-58 445 32.1 0T 41.9

As-R0 218 T7.0 63.0 093.3

A=-00 21.1 2.4 228 42.5

A=-01 1! g2.2 a2 9h. 7

Se-59 EVEL (5 L7 (L6 410041 T.H(25)
Se-0 724 0.6 141 1.1

Se-01 39.3 0.2 aT.6 1.3 270050) 21010y
bu o Wl 137 2.3 [ 2.7

Se-93 240 14.5 al.G 7.1

Se-04 39.0 a.7 48,2 23.9

Br-o4 33.4. 14.2 113 hA.6 TO(20) GE(16)
Br-05 53.2 Q3.8 0.2 7.1

Br-og 19.2 319 6.7 b2

Br-97 20.2 a7.2 42 4 q92.0

@ Large uncertainty in
r-process location

Q difficult to extrapolate
to more exotic regions

NuclearStructure studiesare needed

P. Moller et alPhys. Rev. C67, 055802 (2003) and ref. therein.



r-processnuclei beyond N=50

1l Stable
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Fadiltiesaandnstrumentation neets

Radioactive beam facilities Neutron starsin alaboratory
for probing stellar explosions | STERNE UND "
i WELTRAUM _:

miranoels e

and to understand the nuclear physics Das Universum

) im Labor
aspects of these processes requires a N
knowledge of nuclei right across Wie FAR i Kilchen

der Ursuppe erforscht &
|

the chart of nuclides, including (and indeed
mostly) very exotic nuclei

Neutron ¢rich nuclei
hyperon-hyperoninteraction
nuclear matter at high densities

26



Neutron starsand neutron skin

«> Thesamepressuresupportneutron starsagainst

F > surface tension & % gravity (similarmassdensity of nuclei)
inite nuchei \\ { :.--\‘\ —'//,.
) 6 Thereforemany neutron star propertiesare sensitive
\ to the pressure of puraneutron matter
R i Jlatimes ! Neutron skin
i i o jo0LAnnu RevNucl Part Sci "/
© |62, 485 (2012) i i+ related to
o | 4]
O 80 F Sl A Symmtetfry
v | " | energ
.. . 2 ol O hgy
theoretical error-bars and to asse % T o8 \:_I‘2=-::E int e. ,
< N 1 Equationofsstate
D 401
082 E\ I
. g 20? qu ':;,";;g%.-:",':::' | Experiment
z c &7 éf,.::x'- "] GSlLegnarg
T > O S "< Catania, TUD,
7)) ; H = Hebeler et al. (2010) 1 RCNP, Munich,
| 720-_ ; G = Gandolphi et al. (2010) _‘ TAMU’ NSCL’
- % 2‘6 ' 'zls' ' ‘3‘0' ' '3|2' | ‘3|4' e GANIL, JLAB,
wL. CX
Symmetry energy




AGAFAat LN reaturecdpygmy states
(low energydipole respomsg

ZEIBPb('I'TO"Ile] i
E =340 MeV
E, =5.292 Me\W}

JI JL \~\',_

L - .
250 | = 1.5 K #é
E 25 —_ 'i *
o M 10 @ '?_’
© = ¢ _
‘; 0 5 &Lﬂ 7.2 0 # E z .Lf?fﬂ v 9
; 150 Energy [MeV] T - - .2‘1 p +
% 100 I . ] 15! ) EA:é.1940M;\.-’.
L || | ZDBPb 1?0,170 - -
° I ’ | E= 3(40 Mevlﬂ 1~ #é a’ s *
| Ground state decay -l 1.0 '. -Q . +
50 1 | I g . ..*-+
oL 1Y, TR WA .N ]I-l-r.‘,r.-,-- A, Aol , , ,
50 55 60 65 70 75 80 0 45 90 135 180
Energy [MeV] 0 '| [deg]
rrrrrrrr
AGATA data at LNL: r [fm]

F. Crespi, A. Bracetl f Xt W[ MMOOH ATMOOANMHPAM



‘ L LRP2010 Recommendations

Promote Planning for Future Large-
Scale Facilities

ié é

T Technical Design Study for intense radioactive
beams at ISOL@MYRRHA
ié e

™ | |nclusion of nuclear physics programmes @ ELI
and ESS
Where are we?
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Future Facilities- NUPECC LRP 2010

wThe inclusion of Nuclear Physipsogrammesat the
multi-purpose facilities ELI and ESS.




