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Nuclear research facilities in Europe
(NUPECC LRP 2010)

Existing:

Accelerator laboratory JYFL,
University of Jyvaskyla, Finland

Electron accelerator ELSA, University
of Bonn, Germany

Eurcpean Centre for Theoretical
Studies in Nuclear Physics and
Related Areas, ECT", Trento, ltaly

Forschungszentrum Jilich, FZJ
(COSY and HPC), Jilich, Germany

Institut de Physique
MNucléaire, IPNO, Orsay, France

EAI\H&_ [ Grand Accélérateur Mational d'lons

Lourds, GANIL (SPIRAL), Caen, France

Helmholtzzentrum fiir
Schwerionenforschung
GmbH, GSI, Darmstadt,
Germany

European Crganisation for
Muclear Research, CERN
(ALICE, AD, COMPASS
and ISOLDE),

Genéve, Switzerland

Kemfysisch Versneller
Instituut, KV, Groningen,
The Netherlands

Laboratori Mazionali
del Sud of INFN, LNS,
Catania, ltaly

Laboratori Mazionali
di Frascati of INFN, LNF,
Frascati, Italy

Laboratori Mazionali
di Legnaro of INFN,
LNL,Legnaro (Padova), Italy

Mainzer Mikrotron, MAMI,
University of Mainz,
Germany

Max-lab, University of
Lund, Sweden

ISOLDE/CERN
GSl

GANIL

ALTO

INFN, LNL
JYFL

Coming:

FAIR
HIE-ISOLDE/CERN
SPIRAL2
INFN-SPES
ISOL@Myrrha
EURISOL (DFP)




New radioactive beam facilities, new opportunities

Facility Estimated commission

HIE-ISOLDE 23.10.2015 74Zn 4 MeV/u ! )
SPIRAL-1 upgrade 2017

INFN-SPES ~2017

SPIRAL2/phase 1 ~2018

TSR@HIE-ISOLDE

FAIR — NuSTAR at Super-FRS 2022
(ILIMA, DESPEC,HISPEC,MATS,LASPEC,
R3B,SHE)

SPIRAL2/phase 2 ~2025
ISOL@Myrrha ~2025
EURISOL DF unknown, ESFRI candidate 20187




NUSTAR at FAIR

2015 | 2016 | 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023

Super-FRS \

construction and installation I

comm

NUSTAR caves

High energy > 400 A MeV!
High intensity

In-flight facility

Storage rings

Courtesy of A. Herlert



HIE-ISOLDE: timeline

Higher beam energies uo to 10 MeV/u with a superconducting linac!

2015 2016 2017 2018

T

A/q=3 Alq=4 A/q=45 A/q=4.5 TSR@HIE-ISOLDE

4 MeV/u 55MeV/u 7.8 MeV/u 10 MeV/u
A/g=3 S L P

16 MeV/ u ' indu‘fction E
ISOLDE: Many beams Y rosslerator— gm

Good beam purity and quality PRl ce " elecltron S o A
S . cooler

High intensity! PIFRYS _ \ 4
\ 2 TEREERS L
r'4

Y
injection

extraction

» Transfer reactions (e.g. 8F(d,p)*°F)

REX-ISOLDE beams up to 3 Me/u 2001-2012, > In-ring decay studies (e.g. 'Be Ty, )

102 different beams, P van Duppen and K. Riisager,
J Phys. G Nucl. Part. Phys. 38 (2011) 024005 Adopted from M.J. Borge’s slide




GANIL/SPIRALZ2: timeline

" Lise [  SPIRAL1L )

campaign New light beams :

Mg, Al, CI, K....
proposed CNO cycles and rp

process

NOT YET FUNDED

4 ) 4 S3 T8 SPIRAL2-phase2

Very intense Very intense N=Z and Fission fragments +
stable beams VHE-SHE nuclei post acc. (1-15 AMeV)
. P-process rp process r-process

AGATA (" ACTAR-TPC )

High precision y Last generation Large variety : PILGRIM,MLLTRAP,
spectrometer active target PIPERADE, BEDO, LUMIERE...
lifetime, indirect masses (unbound), masses, decay studies, ground states

\_ methods _J/ \_ indirect & direct J \_ properties... )

NEW DETECTORS



SPES: timeline

Authorization to operate and safety

ISOL Target-lon Sources development

ISOL Targets construction and installation

Target: UC, but
Building Construction Executive g X
project raw building also e.g8. B4C,

construction SlC, A|203, ZrC,
CeS, LaC,, TaC

Cyclotron Construction & commissioning

RFQ development and Alpi up-grade

Design of RIB transport & selection
(HRMS, Charge Breeder, Beam Cooler)
Construction and Installation of RIBs
transfer lines , CB and spectrometers
Complete commissioning and first exotic
beam

Slide adapted from G. Prete, 2nd International SPES Workshop, May 2014

» production of re-accelerated neutron-rich exotic beams
> 1013 fission/s in-target production
» reacceleration at 10*A MeV (A=132)




How to utilize radioactive beams
and the European facilities?
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How to utilize the radioactive beams and facilities?

SHE
- GSI,JYFL,
SPIRALZ2/S3

l

ISOLDE,SPES,SPIRAL2-
‘phase2, ALTO, JYFL, FAIR |

60 80 100 120
SPIRAL1 Neutron number N
HIE-ISOLDE
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CNO cycles, breakout and ap process

From the contributions of N. De Séréville, C. Ca. Diget, A. Laird, B. Bastin, F. de Oliveira, C. Michelagnoli, M. J. Garcia Borge, P. Delahaye, P. Jardin, L.
Maunory, G.F. Grinyer, J.-C.Thomas, B. Blank, P. Ascher, Y. Xu, F. Hammache, A. M. Sanchez Benitez

End point (~ calcium): ~ 100 isotopes, ~ 180 reactions
Classical Nova

Nuclear path close to the valley of stability, and driven by
(p,7), (p,a) and B+ interactions

Sensitivity studies (hydrodynamical + post-processing)
— key reactions identified

Classical novae : soon the first stellar explosions for
which all reaction rates will be based on experimental

information.
— Reaction rates to be constrained in priority

ApJeH v pineq :mpaid

Mean discovery rate : ~1.5 /year

Model 1.35 Mo 18 15y 25 26Qi 30 3l 33 34
(50% ONe enrichment) —————— F(p,a)™0, 2Al(p,y)*°Si, *P(p.y)*'S, *S(p,y)**Cl
T=3.2x108K Tpeqk ¥ J. Jose et al. 2007, J. Fallis et al. 2013, A. Parikh et al. 2014...
p=>5.1x10% g em? € )
Epue = 4.3x1010 erg g 571 17 18 19 20 160(pv7)17|:’ 2°Ne(p,y)21Na, 23Na(p,y)24|\/lg,
AM,,, = 5.4x10 M, fu 13N(p,y)*0, %Si(p,y)*P

Negligible contribution from any |+
(n,y) or (o,y) reaction (that also |-
applies to “O(a,y)!) T
F

N (p.0) )
9 10

L. Downen et al. 2012

Uncertainty Sources of Predicted Elemental Abundance Ratios in Neon Nova Shells

Ratio Range! Primary Source Secondary Source
Reaction Uncertainty Reaction Uncertainty”

N/O 134 150(py)'TF 1.16 BN(py)*40 1.06

N/Al 5.59 20Ne(p,y)?! Na 1.29 1.18

0/s 332 30P(py)3ls 3.36 25i(p. 1.09

& Log (Reaction Fluxes) ;fx;\l = 1‘:’3Ep";1“?‘ .62 Si(p. L12

- . a . Py 3 16 I .

Main  nuclear path - Na/Al 683  2*Na(p,y)?*Mg 1.19 ) 1.10

close to the valley of I o/pP 541 30p(p,y)3Ls 6.44 ) A)LTF 1.26
o ; P/AL 216 30P(p4)*S 6.53 1.22

stability, and driven

by (p,y), (p,o) and B ‘-

reactions - 150(a,y)**Ne, *O(a,p)t’F, 8Ne(a,p)?Na

— (interesting for the study of the breakout from CNO cycles)

0TOC ‘le 8sor °C




CNO cycles, breakout and ap process

From the contributions of N. De Séréville, C. Ca. Diget, A. Laird, B. Bastin, F. de Oliveira, C. Michelagnoli, M. J. Garcia Borge, D. Delahaye, P. Jardin, L.
Maunory, G.F. Grinyer, J.-C.Thomas, B. Blank, P. Ascher, Y. Xu, F. Hammache, A. M. Sanchez Benitez

Energetics & nucleosynthesis in X-ray bursts

A Low Mass X-Ray Binary: 4U 1820-30 Energetics : mainly (a,p) reactions
Nucleosynthesis: mainly (p,y) reactions

(o.,p) reactions on waiting points:

22Mg (at,p)25Al, 26Si(at,p)2°P,3°S(at,p)33Cl,
34Ar(a,p)3K..

Jpsccrston (p.y) on waiting points :

Neutron Star GOZn(p ’y)GlGa, 64Ge(p ,y)65AS Jes

& 1,200 km/sec

Direct measurements . need of low-energy (< 2
MeV/u) intense radioactive beams >10°pps

@ Indirect measurements (stable & radioactive beams)
E,, J5 ..

@ Q-value measurements , proton-transfer
F. Hammache et al. measurements




CNO cycles, breakout and ap process

From the contributions of N. De Séréville, C. Ca. Diget, A. Laird, B. Bastin, F. de Oliveira, C. Michelagnoli, M. J. Garcia Borge, D. Delahaye, P. Jardin, L.
Maunory, G.F. Grinyer, J.-C.Thomas, B. Blank, P. Ascher, Y. Xu, F. Hammache, A. M. Sanchez Benitez

Interesting beams mainly @ GANIL-SPIRAL1 and CERN-ISOLDE
Interesting opportunities mainly @ GANIL-SPIRAL1 upgrade and HIE-ISOLDE

Beams from ISOLDE

Yield (ions/puC)
1013 - | 1012
1012] - 1011
1011 - /2010
1019] - | 10°

109 |- | 108
- || 107
- || 108
-1 105
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- 103
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-1/ 100
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https://test-isolde-yields.web.cern.ch/test-isolde-vyields/nuclear chart for isolde.html#10
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CNO cycles, breakout and ap process

From the contributions of N. De Séréville, C. Ca. Diget, A. Laird, B. Bastin, F. de Oliveira, C. Michelagnoli, M. J. Garcia Borge, D. Delahaye, P. Jardin, L.
Maunory, G.F. Grinyer, J.-C.Thomas, B. Blank, P. Ascher, Y. Xu, F. Hammache, A. M. Sanchez Benitez

Interesting beams mainly @ GANIL-SPIRAL1 and CERN-ISOLDE
Interesting opportunities mainly @ GANIL-SPIRAL1 upgrade and HIE-ISOLDE

Carbon container used as Beams from SPIRAL1 upgrade (predictions)

ommon way for ion source

“"e“fa"d‘“' e Target + FEBIAD + Booster Fusion-evaporation with the
'  VADISTensoures  hitps://indico.in2p3.fr/event/12296/material/3/0.pdf target window

Intensity of accelerated beams (pps) Intensity of accelgrated beams (pps)
FFEF 107 FEFFEE 10°

785y 10’
72Kr

10¢

wl o

Thin windows

30

(0]

=
wn
(9]

h
11

—_
[
In

25

60Mn

= o —E—- - - - - -

Best reliability
44Cl zone

20

15

—
=
(]

1
IIII|IIII|IIIIIIIII|IIII|IIIIIIIII|IIIIIIIII

IIIIqII]I|IIII|IIIIIII]i|I

—_
[en]

from 2017-2018

o S N Y T T Y T ST T M T A Y Y T T (U T T N Y S W N I T S T I i

0 10 20 30 40 50 0 10 20 30
Neutrons Neutrons

SPIRAL: Expected production from 12C target SPIRAL: Expected production by target fragmentation

Best accelerated intensities from fragmentation of SiC,
P. Delahaye et al. CaO, NiO, Nb targets using 2E13 12C @ 95AMeV.

| IIIII.LI.I.| IIIIILI.I.| IIIIIIII1 IIIII.lI.lI IIIIIlIl_| IIIIII.lI.| 111

Lol o ||||||L|,| |||||u,|]

—

from 2018-2019

1 | 1 1 |
40

50



https://indico.in2p3.fr/event/12296/material/3/0.pdf

CNO cycles, breakout and ap process

From the contributions of N. De Séréville, C. Ca. Diget, A. Laird, B. Bastin, F. de Oliveira, C. Michelagnoli, M. J. Garcia Borge, D. Delahaye, P. Jardin, L.
Maunory, G.F. Grinyer, J.-C.Thomas, B. Blank, P. Ascher, Y. Xu, F. Hammache, A. M. Sanchez Benitez

Interesting beams mainly @ GANIL-SPIRAL1 and CERN-ISOLDE
Interesting opportunities mainly @ GANIL-SPIRAL1 upgrade and HIE-ISOLDE

High sensitivity y spectroscopy

/AGATA (or EXOGAM) + Si array + VAMOS\
(Si detector)
R

H\

target

Doppler-shift attenuation method,
Coulex, transfer, inelastic scattering

0 “N(p,y)*0, **Na(p,y)**Mg, *P(p,1)*'S,
34Cl(p,y)>>Ar (c. Michelagnoli et al. — GANIL)
Q 25Al(p,y)?6Si, °P(p,y)3'S (N. De Séréville et

al. - IPNOrsay)
wO(a,y)mNe (C. Aa Diget et al.- York) /

Pioneering study of 4O(a,p)!’F in time reverse
kinematics 1S424 @ REX-ISOLDE (P. Woods et al.)

- Tuneable energies required to apply time
reverse technique to other key X-ray burster
reactions eg **Ar(a,p)3’K

KM..J. G. Borge (CERN-ISOLDE) /




CNO cycles, breakout and ap process

From the contributions of N. De Séréville, C. Ca. Diget, A. Laird, B. Bastin, F. de Oliveira, C. Michelagnoli, M. J. Garcia Borge, D. Delahaye, P. Jardin, L.
Maunory, G.F. Grinyer, J.-C.Thomas, B. Blank, P. Ascher, Y. Xu, F. Hammache, A. M. Sanchez Benitez

Interesting beams mainly @ GANIL-SPIRAL1 and CERN-ISOLDE
Interesting opportunities mainly @ GANIL-SPIRAL1 upgrade and HIE-ISOLDE

ACTAR TPC

2017
G3, SPIRAL

l

2017/2018
LISE

l

2018
HIE ISOLDE

G.F. Grinyer et

Active targets and TPCs
Advantages

* Thick target (low intensities)
* Low dE/dX — low energy patrticles
» Complete energy scan in one measurement
From the beam energy down to ~ 0 MeV

Inverse kinematics

* Direct measurements (capture, masses, OP)
* Indirect measurements (elastic, inelastic, transfer)

Some of the foreseen projets
140O(a,p)t’F (G.F Grinyer et al-GANIL), *O(a,p)*’F (T. Davinson et al.-

Edinburgh), 25Al(p,y)268i (F. Hammache et al.)

LISE : 10 proposals for nuclear astrophysics (2017)




CNO cycles, breakout and ap process

10.419 2-

16 —_
N(T, =7.1s)

Studies via beta-delayed alpha emissions . -

1x1073

bgq(16N)=(1.20 % 0.05) x 10

Kaufmann and Wéiffler, Nucl. Phys. 24 (1961) 62
bgo(*°N)=(1.49 £ 0.05(stat.) 00 (sys.)) x 107
Refsgaard et al., Phys. Lett. B 752 (2016) 296-301

Effect on 12C(a,y) astrophysical S-factor:

= 24% increase in S;,(0.3)

=~ 13% increase in 5(0.3)

>
20 pg/cm?
carbon to4
TO BE STUDIED AT ISOLDE MAY 2016! \ /

pm

DSSD 1000

pm

Slide adapted form M.J.G Borge

]-IN]ﬁN
beam




CNO cycles, breakout and ap process

From the contributions of N. De Séréville, C. Ca. Diget, A. Laird, B. Bastin, F. de Oliveira, C. Michelagnoli, M. J. Garcia Borge, D. Delahaye, P. Jardin, L.
Maunory, G.F. Grinyer, J.-C.Thomas, B. Blank, P. Ascher, Y. Xu, F. Hammache, A. M. Sanchez Benitez

Interesting beams mainly @ GANIL-SPIRAL1 and CERN-ISOLDE
Interesting opportunities mainly @ GANIL-SPIRAL1 upgrade and HIE-ISOLDE

Decay studies opportunities with existing B, p and y detectors
SiCube

J.-C. Thomas et al.



CNO cycles, breakout and ap process

From the contributions of N. De Séréville, C. Ca. Diget, A. Laird, B. Bastin, F. de Oliveira, C. Michelagnoli, M. J. Garcia Borge, D. Delahaye, P. Jardin, L.
Maunory, G.F. Grinyer, J.-C.Thomas, B. Blank, P. Ascher, Y. Xu, F. Hammache, A. M. Sanchez Benitez

20257 Astrophysics dedicated Facility?
“Astro ROBOT” project @ GANIL

Aim: Direct measurements of cross sections
18F(p,oc)15O, 30P(p,'Y)31S, 25A|(p,Y)Z6Si, BOS(OL,p)33C|, 14O(Ot,p)
Facility proposed:

SPIRAL?Z \
beams == TGS

.El'hin Ta foil
~ mA

FULIS

Production Unit (Upgrade) .
From 1 MeV/u Recoil separator

Example of possible beams: O intensity(source) = 2x10 pps

F. De Oliveira, Y. Xu et al.
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rp process

Contributions from M.J.G. Borge, R. Reifarth, C. Langer, K. Blaum, M. Block, D. Lunney, A. Kankainen, Yu.
Litvinov, Y. Fujita, B. Rubio, E. Nacher, A.M. Sanchez, H. Fynbo, O. Kirsebom
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Sensitivity studies for the rp process: processes

A. Parikh et al., ApJ Suppl. Ser. 178 (2008) 110

TABLE 19
Summary ofF THE Most INFLUENTIAL NucLEArR Processes, as CoLLECTED FrRoM TasrLes 1-10

TABLE 20

NucLEAR PrOCESSES AFFECTING THE ToTaL ENERGY
Output BY MORE THAN 5% AND AT LEasT ONE [soToPE

Reaction Models Affected

JEC(G‘ '}')“'0"
¥Ne(or, py*'Na® ...
B8i(cx, p)*iP
289A0(ex, p)**Si
¥8(ar, pyPCl.......
P, p)S ...
08(a, pyCl......
.’rlcl( P, '})"EAI'
28(cr, 7)%Ar ...
Ni(ar, p)*Cu
STCu( p, v)\*¥Zn.....
FCu( p, 7)"Zn.....
#1Ga( p, 7)%°Ge
(’sAs(p. 1Se .....
6931,( P _‘I_)?OK‘.

BRI L S

8271 p, 7)**Nb

970Dy APND e,

S4Nb( P ,,II_}RFMO
85Mo( p, 7)%Te
8Mo(p, 7)Y Tc ...
STMo( p, v)%Te
2Ru( p, 4)*°Rh ...
g"Rh( P ,.J_)‘Mpd

TAG(Py 1)TC e
R (T Ll
15300 p, N80 s

Imsn(n . p}lﬂﬁsb

F08, K04-B2, K04-B4, K04-B5
K04-B1®

K04-B5

FO8

K04-B5

K04-B4

K04-B4," K04-B5"

K04-B1

K04-B2

S01,” K04-B5

FO8

S01,* K04-B5

FO8, K04-B1, K04-B2, K04-B5, K04-B6
K04, K04-B1, K04-B2.” K04-B3.” K04-B4, K04-BS, K04-B6
K04-B7

K04-B2

K04-B6

K04-B2

K04-B6

FO8

FO8, K04-B6

K04-B6

K04-B2, K04-B6

K04-B2

K04, K04-B2, K04-B3, K04-B7

K04, K04-B3

K04-B3, K04-B7

s01®

Reaction

Models Affected

B0(a, 7)"Ne* ..o

¥Ne(a, p)*'Na®

2Mg(ar, pyPAl ..

ZAl(p, 1S
2Mg(a, p)*’ A

269A1( p, 7)SH oo

Sia, )P

Blcl(p, ")I)ﬂAI'

BCU p, 1) AP ...
SNi(ar, pPPCU e,
FCu(p, 7)Zn.
SAS(p, 7)%0S€ e

13Sn(ar, p)'06Sb.............

K04, K04-B1, K04-B6
K04-B1, K04-B6

FO§

K04-B1

K04-B2

FO8

K04-B4

K04-B4, K04-B5
K04-B3

K04-B2

K04-B2

501

501

K04, K04-B2, K04-B3
S01

K04-B7

S01




rp process: transfer reaction studies

- Relevant levels Recent studies at NSCL:
. 2o o(exp) 5/Cu(p,y)°8Zn via d(®*’Cu,n)>8Zn*
- Spectroscopic factors: €°S = -~ "= C. Langer et al., PRL 113, 032502 (2014)

- Experiments with AGATA? 26Al(p,y)?’Si via d(26Al,n)27’Si*
A. Kankainen et al., EPJA 52, 6 (2016)

Target: CD,

Beam, e.g. < Sk A __ af' ) B Backgr.: C or CH,
26A\l, 39P, >7Cu = RN W P |

recoils (TOF+AE)




S/Cu(p,y)°8Zn via °’Cu(d,n) in inverse kinematics

week ending

PRL 113, 032502 (2014) PHYSICAL REVIEW LETTERS 18 JULY 2014

S

Determining the rp-Process Flow through 5Ni: Resonances in ¥ Cu(p.y)%*Zn Identified
with GRETINA

C. Langcr,"’ " F. Montes, " A. Aprahamian D W. Bardayanf"' D. Bazin,' B. A. Brown,"” J. Brownﬁ,l‘z‘S H. Crawford,’
R. H.Cyburt," C Domlngo-Pardo A. Gade ’S. George +P. Hosmer °L.Keek,"*’ A Kontos,"” I- Y Lee,” A. Lemasson,'
E. Lunderberg, Y. Maeda,'” M. Matos ' Z. Meisel,"*” S. No_|1 F. M. Nune% A Nystrom G. Perdlkakm 1212
1. Pereira,'” S.J. Qumn,lzs F Recchm H. Schatz,"*’ M Scott,"** K. Slegl A. Slmon] $ M. Smith,” A. Spyrou,]‘z'5

J. S‘[f:\fens,l’z‘5 S.R. Stroberg, S D. Welsshﬂar J. Whee]erl' K. ernmer 1 and R.G.T. Zegers 2.5

F—— 330 keV, 27
582 keV, (27,
625 keV, (17,
-~ - 986 keV, 27
-—-— direct captme

1y
23

— This work
—— Forstner et al.[20]

21400 of

£
8
J7=0" QkevV J'=0" ' J7=0" 0 keV

Forstner et al. 871 58Nj
(theory)

With GRETINA array Temperature [GK]




34Ar(p,d)33Ar at NSCL

s T o ; week endin
VOLUME 92, NUMBER 17 PHYSICAL REVIEW LETTERS 30APRIL20%4

New Approach for Measuring Properties of r p-Process Nuclei

R.R.C. Clement.">* D. Bazin.' W. Benenson."> B. A. Brown.""” A. L. Cole.! M.W. Couper.' P A. De‘f@ung3
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one neutron removal reaction
SeGa for y-rays
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Similar experiments will be feasible with AGATA
@ SPES, GANIL, FAIR-NUSTAR,..!




Direct reactions and Coulomb dissociation at R3B

Slide adapted from R. Reifarth & C. Langer

. . . snjgefrr_{;ﬁs""‘*-‘
» direct reactions like knock-out to w
explore single-particle properties

NeulLAND

J e
l-! '.\.

gy :!—;
rF '

» time-reversed reaction for using

Coulomb dissociation ReB-Si-TRACKER

> surrogate reactions

CALIFA

Nal array
Mixed beam
from FRS

heevy fragm ent.
S

v's, fragments

Pb for EM exc. AE.z,y

l plastic scintillator l fiber detectors
. position sensitive drift chambers AE,AT,z,y

PIN diode
C. Langer et al., PRC 89, 035806 (2014)




'p process: beta-delayed particle decays

M. Del Santo et al., Phys. Lett. B 738 (2014) 453
. - 5)%
Information on levels [N o2 52,646 5
relevant for 3 854(1) keV .,
astrophyscis! P
© 69Br b (0+)
GSSe
Energy (keV) Waltlng pOlntl
European expertise e.g. experiments at GANIL
(“8Fe, °2Ni, °6Zn) and at ISOLDE (3!Ar) B—y-p decay!
Q[ = 12870(300) keV T=2,0*
B, = 88.5(26) % *Zn (T=-2)

T,p=32.9(8) ms

. . EkeV] B(F) B(GT)
v 5 1=2,0"_ 3508(140) 2.7(5)
G.T. Koldste et al., ol :-§—--f;{,-.5+-j+’3423{140) 1.3(5) <0.32
Phys. Lett. B 737 o =

2 A T=1,1_ 2661(140) 0.34(6)
0

p
(2014) 383 = Lo
— g =L T 1691(140) 0.30(9)
% + BUT=10" 4391(140) 0
STV, 72 T T S, = 560(140) keV

?

B/%5Ni (T =-
Ni (T,=-1/2) T=1,4°

TI!Z =209 rl"lS'B/+ ﬁcu (Tz=-1)
T.m =93 ms

S.E.A. Orrigo et al., PRL 112, 222501 (2014)




New approach:
TPC-based active targets for beta-delayed protons

A TPC-based approach to study radiative proton capture reactions by means of
B-delayed proton emission

Collaboration: Univ. of Huelva (Spain), GANIL (France), CEN Bordeaux-Gradignan
(France), Univ. of Lisbon (Portugal)

ACTAR-TPC 2. ﬂiﬂi?ﬁ‘ ‘ ‘

BETA DETFECIOR

gas volume

Beta-delayed
proton

—

Progenitor beam

G. Grinyer et al. -GANIL

'{araz,zzzga vizid

» Better energy resolution
(low density gas)

» [-background suppression BETA DETFECIOR

(B « transparent » to TPC)
Energy and strentgh of the resonance W le 7

A. M. Sanchez Benitez et al.

48




I'P Process. electron captures

Electron captures systematically neglected in rp-process model calculations

Electron Capture can influence several cases
—> detailed B-decay study (TAS); e.g. Proposal at CERN ISOLDE

B-decay of the N=Z, rp-process waiting points: ¢4Ge, 98Se and the
N=Z+2: 6Ge, "0Se for accurate stellar weak-decay rates
Enrique Nacher et al., (IEM-CSIC)

— cECp=Ilf

— — cECp=10* .

e cECpEI "t L et )
v

_——— e = —— -

T(GK) T(GK) T (GK) ' T(GK) T(GK) T (GK)

P. Sarriguren , PRC 83, 025801
CERN-INTC-2013-009 ; INTC-P-374. - 2015. (2011)



Weak interactions fundamental for dynamics of
CC-SN, novae, X-ray Bursts

» Complete GT-Strength studies combining -decay (TAS) studies with charge-exchange
(3He,t) reactions
» Link RIB and stable ion beam facilities for complementary information

T,=+12 0 €1 58; T=42>4+1 -1€-2
symmetry . symmetry

_ Fujita, Rubio et al.(Piaskil5)
V. Guadilla et al., NIMB (2015)




Sensitivity studies: masses

A. Parikh et al. PRC 79, 045802 (2009)
(sensitivity to Q-value)

snGOLLT T
Cd(8)[ T 17

x(‘«s} LEL]
- 0.1%- 1% flow | Ru (44)

TABLE 1. Summary of the ten XRB scenarios used in our calculations (see text and [47] for more details).
Sensitivity to reaction Q-value uncertainties was explored by sampling the parameter space of XRB models in
underlying model, peak temperature T, initial composition (XY Z); (where X, ¥, Z are "H,*He and metallicity,
respectively, by mass), and burst duration Af. (Here, we take ‘burst duration’ as the characteristic timescale of

the temperature and density vs. time thermodynamic histories.)

muTc
Nb{ )T
ifmll 111
Sr (38)
2{35} O |
i 48 g
Se (34) ]

Model T, (GK) (XYZ) At (s) X fmax” F.ndpninl"1
(Xy = 1077)

‘e 18 21eYds ‘H

K04 1.36 (0.73,0.25,0.02) ~100 'H, %Ge, ™Se, ®Zn, ™Kr %Ru
501 1.91 (0.718,0.281.0.001) ~300 1 Ag 1060, 10548 10340 TH 197 ¢d
4 |Rates: FRDM1 FO8 0.99 (0.40,0.41,0.19) ~50 N, *Ni, *He, %si, 1’C 2S¢
Ge (32) T . Cond : XAB hiT 2.50 (0.73,0.25,0.02) ~100 'H., 28e, *®Ge, "Kr, %Sr 1A g
32 34 36 38 40 42 44 lowT 0.90 (0.73,0.25,0.02) ~100 %4Zn, %Ge, 'H, Se, ®Ni 828r
6 3 3 long 1.36 (0.73,0.25,0.02) ~1000 BGe, PSe, MAg, Kr, 'PAg 106Cq
- short 1.36 (0.73,0.25.0.02) ~10 'H, #Zn, ®Ni, *“He, ®Ge #Ge
10 glcm ! 15 G K ! 67X10 m0|e/g lowZ 136 (0.7448,0.2551.107%) ~100 *Ge, 'H, *Se, “Zn, "Kr
Table 1: Mass measurements desired to improve caleulations of nucleosynthesis in XRBs [144, 145]. hiZ 1.36 (0.40,0.41,0.19) ~100 N, “Ni, ¥Zn, YK, BGe 5
Estimated masses and uncertainties from Ref. |1T-1‘ are given with a # symbol; increased precision is hiZ2 1.36 (0.60,0.21.0.19) ~100 SONi, M7Zn, NI, “He, ®Ge
required for the other, experimental masses listed. Masses required primarily to better quantify reaction
rate equilibria at waiting point nuclei (W) or refine theoretical rate calculations (T) are indicated.

19T (866T) 62 "day 'sAud

*Isotopes with the largest post-burst mass fractions X g may. in descending order for each model, when using
standard rates—see Table 1.
YHeaviest isotope with X ; = 0.01 for each model, when using standard rates.

Nuclide | Mass excess |ﬁ (keV) | Purpaose
®p T 10073 £ 196 W

, 7S F#17543 £ 202 W
JYFLTRAP’15 ——> o) TOGT + 50 W

1y #—18024 £ 233 W

150y 18065 + 503 W

0 H#—12370 £ 112 W

T\n

ICo :

B #=38601 £ 140
IGa —47090 + 53
52Ce #-42243 £ 140
065 #-41722 + 208
Kr #—41676 £ 385
IRy 57063 + 568
“Nb 58059 + 315
*INb #—G1870 £ 208
e #—53207 £ 298
oy | #-E0618 503
“Rh # 53216 + 503
Ay #—64571 £ 401
T #—60603 £ 401
“n #—61274 + 401
1088 #—66974 £ 298

“intermediate” regime of °Macc ~ 4x1070 —
2x10-8M./yr, where bursts are thought to arise
from both hydrogen and helium burning.

X-ray binaries

G2z (€T0Z) 69 ANdd ‘ Wued 'V




Sensitivity studies: Q values

TABLE IV. Summary of reactions whose A Q significantly affect
XRB nucleosynthesis in our models. These are the only reactions with
0 < 1 MeV that modify the final XRB yield of at least one isotope
by at least a factor of two in at least one model, when their nominal
Q-values are varied by £A Q. AQ for the *Ge(p, y)* As reaction
affects by far the most final XRB yields (see Table III) in the most
models. All Q-values and A Q are from [55]; only Q(*°S(p, y)*'Cl)
and Q(®°Zn(p, y)°'Ga) are experimental (the others have been
estimated from systematic trends).

Reaction 0+ AQ Model affected
(keV)

ZSi(p, y)*P 140 £ 196 short

%P(p, ¥)?’S 719 +£281 K04, lowZ,* short

0S(p, y)’al 294 450 hiT, short

2Ti(p, y)PV 192 4+233 SO1, lowT, lowZ, short

BCr(p, y)**Mn 694 + 515 FO8

46Cr(p, y)‘”Mn 78 £ 160 K04, lowT, hiT, lowZ, short

PFe(p. y)’'Co 88+ 161 short

SNi(p, y)**Cu 5554+ 140 K04, lowT, lowZ, short

0Zn(p, y)*Ga 192 + 54 K04, lowT, hiT,* lowZ

Ge(p, y)¥ As —80£300 K04, S01,* lowT ,? hiT,* lowZ,?
hiZ, hiZ2, long," short

%Se(p, ¥)*Br —450 £ 100 hiT

¥Ru(p, ¥)°Rh 992+ 711 long

BCd(p, y)*In 932 + 408 S01

1958n(p, y)'%°Sb 357 £323 hiT

106Sn(p, 1)'7Sb 518 £302 S01®

*Variation of this reaction Q-value affects the nuclear energy
generation rate in this model (see text).

Parikh et al., PRC 79, 045802 (2009)




'p process: heavier region

AME12#

MASSES STILL
POORLY
KNOWNI!

N
L .
)
0
=
>
c
C
O
et
@)
.
o

98Tc

87Nb . . 93Nb 96Nb
862Zr 87Zr 882Zr 902 912 942, 95Zr
84Y . . 87Y 89Y 94y
83Sr 848r 858r

82Rb  83Rb 84Rb I 87Rb

45 50
Neutron number N




rp Process. mass measurements

B sHiPTRAP

JYFLTRAP

. ISOLTRAP

CPT ANL

AME2003,
uncertainty < 100keV

AMEZ2003,
uncertainty > 100ke

Not measured %1

T.
o3

Mo

83

Nb Nb
82 84
Zr

81

Y

Lr
79

To | 77 |3

Sr | Sr
T4 |75

future directions:

84
Y | Y
82 83

SHIPTRAP
BAr + S4Fe —» PORyU*
at 5.0 and 5.9 MeV/u

Mean time of flight / ps
2 8 8 3 N &

@
N

T T
-10 5

Excitation Frequency - 1266396 / Hz

E. Haettner et al.,
Phys. Rev. Lett. 106, 122501 (2011)

* high-precision mass measurements of N = Z nuclei between Zr-80 and Sn-100

» trap-assisted decay spectroscopy of N = Z nuclei between Zr-80 and Sn-100

[Slide from M. Block]



Mass measurement technigues

High precision (TOF-ICR: ~few keV) Worse precision (~tens of keV)
t,;, ~ 100 ms or longer (typically) t,,,~10 ms or longer (typically)

Penning traps:
ISOLTRAP @ CERN
JYFLTRAP @ IGISOL
SHIPTRAP @ GSI

Coming:

MLLTRAP@SPIRALZ2 (mass.)
PIPERADE@SPIRAL2Z (purif.)
MATS@FAIR (massé&purif. traps)

MR-TOF:
ISOLTRAP, GSI/FAIR,

Coming:
JYFL - JYFLTRAP & MARA-LEB (in progr.)
PILGRIM at S3-LEB

“arxiv1511.08024v2

b = Vv

i
o

c A

A
l/'

L R R I I I I I I
40 -30 -20 10 0 10 20 30 40

Ve - 3467433.04(Hz)

R.N. Wolf et al., NIMA 686 (2012) 82

3 Both methods can be used also for beam purification!

Note: storage ring mass measurements discussed later related to the r process



New developments

Phase Imaging —ICR (PI-ICR)

Fourier Trasform-ICR (MATS@FAIR)

25 times faster than TOF-ICR!

Only 1 ion needed!

number of
detected ions

" o .

stop 45

:ﬂ - ﬁ 30

l’gﬁ 80 ks 15

0

S. Eliseev et al.,
PRL 110, 082501 (2013)

_l Excite Detect I
= i)

Detect induced
image current on
a pair of
electrodes

Marshall&Hendrickson, Int. J. Mass. Spectrom. 215 (2002) 59

Octupolar excitations

quadrupolar excitation octupolar excitation
140

it
135

130
-~ .| 106(2) Hz 125]
1204

1154

N=630 ions. N=710 ions

T T T T 110 T r T T
809520 809540 809560 809580 1619080 1619090 1619100 1619110

better resolution = isomers?

S. Eliseev et al.,
Int. J. Mass Spectrom. 262 (2007) 45




New facilities for mass measurements

MLLTRAP @ DESIR

MATS @FAIR

First floor

MATS setupl EEIT
LaSpec setup |

Spectroscopy setup

RFQ buncher
Dipale magnat

Gas calcher Ground floor

P. Ascher et al.




Overview of the presentation

<>Nuclear research facilities in Europe
<>CNO cycles, breakout and ap process
<>Ip process

<P process

<>S process

<>I process

<> Core-collapse of Supernovae




\

meoe%?’ Exploring (p,y) reactions in a storage ring

H, Quadrupole Pocket
] target doublet 96Ru43 MWPC
Reaction rates rely on Hauser-Feshbach codes, such EEEHTEENS. o

as TALYS or NON-SMOKER

Need experimental cross sections to validate them

detector

Silicon Silicon
detector detector

Pioneering experiment at the ESR storage ring:
*°Ru(p,y)*’Rh
Bo Mei et al., PRC 92, 035803 (2015)

o(°®Ru(p,y)?’Rh) sensitive to the y -ray strength
function and proton potential

—> improve the agreement between theor.
predictions and experimenntal data

—_—
<, .
o

—— TALYS_HFB .
- TALYS_Brink-Axel LorentZ|an
TALYS_generalized Lorentzian
NON-SMOKER
This work_K-REC

. ThisI worl$_ECI . . .

4 6 8 10
Energy (MeV)

Cross section (barn)
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Overview of the presentation

<>Nuclear research facilities in Europe
<>CNO cycles, breakout and ap process
<>Ip process

<P process

<>S process

<>I process

<> Core-collapse of Supernovae




S Process

Contributions from G. de Angelis, Yu. Litvinov, R. Reifarth,B. Jurado,

About 20 key s-process branching nuclei (not yet measured) sensitive to
environment conditions (p,,, electron density, T, time-scales, chronology, ..) in
1) core He-burning, shell C-burning in massive stars

i) H-burning and He-shell flashes in TP-AGB stars.

REVIEW OF MODERN PHYSICS, VOLUME 83, JANUARY-MARCH 2011

The s process: Nuclear physics, stellar models, and observations

F. Kappeler”

RIB facilities will produce these s-branching nuclei in very large amounts
—> both direct and indirect measurements possible

Also: production of isotopically pure radioactive samples using radioactive
beams for direct (n,y) or (p,y) measurements




S Process

Surrogate methods: need validation of the method for (n,y) = r-/s-process

Surrogate-reaction studies with RIBs inside storage Telescope for (ESR/CRYRlNG or the TSR@'SOLDE)

rings target&e nuclei d |
B. Jurado?, P. Marini, F. Farget?, M. Grieser3, R. Reifarth?, Quadrupole

M. Aiche?, A. Andreyev’, L. Audouin®, G. Belier’?, A. Chatillon?, S I-I ipol

S. Czajkowski!, L. Mathieu?, V. Meot’, Y. Nishio?, J. Taieb’, /
I. Tsekhanovich? / I

1) CENBG, Bordeaux, France 2) GANIL, Caen, France 3 ) Max-Planck Gas-jet
Institute Heidelberg, Germany 4) University of Frankfurt, Germany target
5) University of York, UK 6) IPN d’Orsay, France fragment Detector for
7) CEA/DAM-DIF, France 8) Atomic Energy Agency, Tokai, Japan detector beam-like
nuclei

Fission-

FAIR-NUSTAR R?2B: Coulomb dissociation (y,n) to constrain (n,y) cross
sections, but also (y,p) for p- and rp-process

week endin;

PRL 112, 211101 (2014) PHYSICAL REVIEW LETTERS 30 MAY 2014

First Experimental Constraint on the ¥Fe(n,y)*"Fe Reaction Cross Section at
Astrophysical Energies via the Coulomb Dissociation of *'Fe

E. Uberseder,”” T. Adachi,” T. Aumann,”* S. Beceiro-Novo,” K. B()rulzky." C. Caesar,” 1. Dillmann,” O. Ershova,”




S process:
beta decay of highly-charged ions in the ESR/CRYRING

Prominent example:
Bound state beta decay of 205T[81*

1/27F

End of s-process

205 - 81+
Tl

LI 203

e NN 112+

-process 205 Tl 0+

S-process
stable

production rate of 2%°Pb depends both on free electron capture of 2°5Pb
and B,-decay of bare and H-like 205Tl!




Overview of the presentation

<>Nuclear research facilities in Europe
<>CNO cycles, breakout and ap process
<>Ip process

<P process

<>S process

< I process

<> Core-collapse of Supernovae




I process

Contributions from M.J.G. Borge, C. Domingo, K. Blaum, A. Kankainen, Yu. Litvinov, G. de Angelis, B. Rubio, A. Algora, T. Kurtukian-Nieto

PHYSICAL REVIEW C 83, 045809 (2011)

Dynamical r-process studies within the neutrino-driven wind scenario and its sensitivity
Progress in Particle and Nuclear Physics 86 (2016) 86- 126 . .
to the nuclear physics input

Contents lists available at ScienceDirect

A. Arcones’>" and G. Martinez-Pinedo’

Progress in Particle and Nuclear Physics

A holt rl-p‘ro‘cless o (yn) af coIId rproces;; | : (’lel)
~ B-decay / e

journal homepage: www.elsevier.com/locate/ppnp

Review

The impact of individual nuclear properties on r-process
nucleosynthesis

M.R. Mumpower?, R. Surman®*, G.C. McLaughlin b A Aprahamian?

logy(timescale) (s)

log;p(timescale) (s)

time (s)

Need to measure:

* masses (r-path)

* (n,y) cross sections on n-rich nuclei

* 3-decay rates + n-emission probabilities

With the new RIB-facilities:
> Isotopically pure beams

» Accurate T, and n-emission measurements in the fission
fragment region
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Mass measurements for the r process

AME12 < 10 keV -
'AME12 > 10 keV
AME12 #

stable =
SHIPTRAP

LEBIT -
TITAN

CPT -

JYFLTRAP -

ISOLTRAP - _|

\

S

2n,theor.

FRDM2012

=0 MeV

Neutron number N

X: RIKEN t;,, measured
Lorusso et al., (2015)
Ohnishi et al.(2010)

100

All nuclei may never be
experimentally accessible
—> data needed also for
theoretical models

How to reach more exotic
neutron-rich nuclei?
—->New methods & facilities




°Zn (t,,=228 ms) measured at ISOLTRAP

R. Wolf et al., PRL 110, 041101 (2013)
Plumbing Neutron Stars to New Depths with the Binding Energy of the Exotic Nuclide 82Zn

PHYSICAL
Phy3|go§m REVIEW

Home About Browse APS Journals L ETTERS“.

[ibm_‘nrtmr:?nt:i:m::i{:i:;ri:fgiud1mi|ml7 ‘ Articles published week ending —D JANL ARY ‘}Ol 3
= . H = RMA Al L o R m o ndhem pa e e Om
Synopsis: Weighing Models of Neutron Stars A TS TR %Fe

Plumbin i\leutron Stars to Mew Depths with the Binding Energy of the Exatic l— —.
I lidd g 62 - . B2
uclide 6aNi — [ | &aNi
R. M. WWalf, 0. Beck, K. Blaum, Ch. Bihm, Ch. Borgmann, M. Breitenfeldt, M. 66— ={- 66
Charel, 5. Goriely, F. Herfurth, M. Kowalska, 5. Kreim, D0 Lunney, . Manea, B o
E. Minaya Ramirez, 5. Naimi, 0. Meidherr, . Rosenbusch, L Schweikhard, 1. Kr —— —1+— “"Kr
Stanja, F. wyienholtz, and K. Zuber 100m! __|
NASACHCM, Weiss Phys. Rev. Lett. 110, 041101 (2013) S
Published January 22, 2013 = Bga —|— | sagg
B
[
. N . . . 82 = 82
Muclear fusion reactions in stars produce many elements found on Earth, but only those with atomic numbers up to that of iron. Ge [~ N Ge
Heavier elements may have been created during previous supernova explosions of massive stars, or they may have been 10km : 200m
somehow ripped from the outer crust of superdense nedtron stars that those explosions left behind. R ] ””Znﬁ\___ —807n
- I N |
If neutr zn - A Cu
which 1 1 FIT T — s
"1 % depth profile of a neutron star using ; Wiy Emil
. P 124
composj SV . o Mo
cord  experimental masses, models & | LMo foomt
L s e x
neutran e aton Of State . e = % o 121y
thousan qu | - > |
40 partsly ’ . PSSt —1228r
| i 126 = 124
The new mass measurement supports a rewsed model Df neutrnn star crusts in WhICh the zinc- 82 i in fact no Ionger present but . HFB 19 HFB-21
is instead replacegh e

heavier than o Adapted from the s//des of D. Lunney and K. Blaum o Phosteal Soct QE‘S_, T T

American Physical Society, )
Previous synopside - v physics




131Cd (t,,,=68 ms)
with MR-TOF at ISOLTRAP

week ending

PRL 115, 232501 (2015) PHYSICAL REVIEW LETTERS 4 DECEMBER 2015

Precision Mass Measurements of '**-131Cd and Their Impact on Stellar Nucleosynthesis
via the Rapid Neutron Capture Process

D. Atanasov,' P. Ascher,' K. Blaum,' R. B. Cakirli,” T. E. Cocolios,” S. George,' S. Goriely,' F. Herfurth,” H.-T. Janka,’
0. Just,(J M. I(owa]ska,? S. I(reim,"? D. I(is]er,I Yu. A. Litvinov,"” D. Lunney,3 V. Mam:a,3 D. Neidherrf M. Rosenbusch,g
L. Schweikhard,{j A. Welker,m E. \r’\a’ienhollz,(J R. N. Wolf,I and K. Zuber"

blue: AME2012 masses and HFB 24 calculations where
measurements not available (including 12°-131Cd)
red: same as blue, but using ISOLTRAP masses for 129-131C(d

0017 1 :

o —=- AMEI2 %

*— New

r-process abundance pattern
obtained within the v-driven
wind scenario

o

=
[=]

Mass fraction

¢
8/ =
|
L 0000? [ L ! 1 1 !
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Mass and half-life measurements at the ESR

stable nuclei

nuclides with known masses
G.Audi et al., Nucl. Phys. A729 (2003) 3

measured at FRS-ESR (published)
measured at FRS-ESR (in analysis)

observed nuclei

r-process
path

Simultaneous broad-band coverage
Resolving power ~ 1 000 000
Single particle sensitivity

Lifetimes ~10 us — infinity!
Highly-charged ions

Adapted from Yu. Litvinov



Mass and half-life measurements at the ESR

B stable nuclei

B nuclides with known masses
G.Audi et al., Nucl. Phys. A729 (2003) 3
B to be measured with existing FRS-ESR
GSI report C. Scheidenberger et al., 2002
| observed nuclei

r-process
path

N=126
NUSTAR@FAIR possibilities

Adapted from Yu. Litvinov




r-process: beta-decay half-lives

R. Caballero-Folch, C. Domingo-Pardo et al., arXiv:1511.01296, submitted to PRL
® This work O FRDM+QRPA

® Prev. Experiment A.l. Morales, et al. (2014,2015) e

A
[0 RHB+RQRPA
Prev. Experiment Z. Li, et al. (1998) 7  DF3+cQRPA

Pb

O > et

¢
A
¢

E
=
&
5
=

Unsatisfactory performance of state-of-the-art global
models on both sides of N=126
—> Large uncertainties in r-process model calculations




I process: beta-delayed neutron branches

903— .
= [ known nuclei (mass, T, knewH
80| L
o[l known Bn-branching
N eoz— ] : §-
I H g i=]
e i e, 23
§ 40 i d ¥
 F - : -
30 i Laiie i
200 il Fal »
o e el '
St g 0 0 predicted S B-decay I
S n-emitter
= 20 40 60 80 100 120 140 T measured B
Neutron number N 172 Pn measured
100
B-delayed neutron =)
emission probability "
(theory) ; 0 PIa ally 6 s el to be
2 nik discovered at the next RIB-fs s
stab|l|t\yA _".r'rr‘ — 60 he ne NN € N
. I 0
50 o — 7
.--r!':- 126 —40
_'i‘-r,-;‘“ 0 B e know almo § g abo
Tl
) 28 F-"'_ 82 20 a 0 a = 0 0
=
I 50 10
A% * P, Moeller et al PRC67(2003)




Beta-delayed neutron branches

BELEN@JYFL

FAIR — NUSTAR
Instrumentation already in
use!

AIDA / Univ. Edinburgh
UPC (Spain)

ORNL + UTK (USA)

GSI (Germany)

JINR (Russia)

RIKEN (Japan)

— _ * 20 Py, and 14 P, values @ N=50 RIBF 128
= -tO-\= B1n B2n

Focal Plane \L N 50 to-N 82 * 33 PBln , 11 PBZn and 3XPB3I’I @ N=82 RIBF127
| | +89 Py, 20 Py, @ 50<N<82 RIBF139

B known Bn-branchj

Real need of exp.
effort!

True challenge!

2> FAIR-NUSTAR

Atomic number Z

r-process fully in
terra incognita

27- 369 known Pn values
stlll around the reglon of knowledge

1
0 120

Tesiov etal. 2015 Future : use at SPIRAL2-BESiR-and SPES '




Beta-delayed neutrons: energies

VANDLE at ISOLDE Beta decay of 132Cd:

e 988 keV line observed
e 110% Beta-neutron emitter!

2i5 20 15 1.0
En (MeV
1 1 (MeV)

132Cd Time of Flight
5000 neutrons detected

Z mq o,
‘T.IJ)\J JLLU'T"_HL'FL ™1,

“HToF (n 00),,,

Future: MONSTER@FAIR
- First tests with a demonstrator at
JYFL?

Future : use at SPIRAL2-DESIR and SPES



NUSTAR@FAIR and N=126

» Fully instrumented to get the most out of it

» Instrumentation very advanced, being tested and
further developed elsewhere (e.g. BELEN@RIKEN,
AGATA@GANIL, TAS@JYFL, etc)

3'd waiting point

-masses: MATS

-B-lifetimes: DESPEC, AIDA
-neutron-branchings: BELEN
-strength distributions: TAS
-level structure:
HISPEC/DESPEC, LASPEC




NUSTAR@FAIR:
The equation of state of asymmetric matter

NUSTAR/Phase-1

Equation of State (EoS) of asymmetric matter
measuring the dipole polarizability and neutron skin
thicknesses of tin isotopes with N larger than 82

/ The Equation of State \

Investigate the behavior of the low lying
E1l strength as well as the monopole
response (in the Ni isotopic chain)

=> Better understanding of the
incompressiblity and the isospin
dependancy

\ E. Khan et al. /




Pygmy Resonances in EXOTIC NUCLEI
Relativistic Coulomb Excitation: high selectivity for E1 excitation

200

100 }

ExqpErmeniEl lon Source 50}

First 2+ state

o
£
c 20t
2
2 10 ) I
o 51 Giant Quadrupole ,»~  + Giant Dipole
3 Resonance .~ Resonance |
2t G Q R"»' ._." I
P i
20 50 100 200 500 1000
Epeam (MeV/nucleon)

3-20 MeV/nucleon

o (8-20% c) T.Aumann et al EPJ 26(2005)441
Up to \d sIs 'l : '
1 GeV/nucleon \' / L
(90% c) - : I o _som ‘ =

| Production Tanget . |NCOM|NG
‘3’\ lon SELECTION identification OUTGOING

Seintillator 1 Scintillator 2 — Identlflcatlon
' TPC2 — |
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FRagment Separator "X &® /#
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I ProCcess. transfer reactions

Transfer reactions to constrain capture cross sections (direct or statistical)

Exohc beams for science E

SPES one-day workshop
"Nuclear Astrophysics at SPES"

12-13 November 2015 Aula Magna e Saloni di Rappresentanza della Scuola Nazionale

A “Desired” reaction
a,
% B Expected SPES-beam intensity:
\ 10°%® pps (10° required on target
C . ¥ | for transfer reactions at ISOLDE)
C. {d p} 1338n 1348n 1338b

“Surrogate” reaction

s
D

.B*
N
.

C../
C

131

{d t) 131Sn 134Sn 131|n

(d.°He) : ¥isn, ®sn,
131|n

Currently : mainly (HIE)-ISOLDE
Future : SPES and SPIRALZ2-phase?2 post-accelerated beams (CIME)

Ge(d,p)
“Ge(d,p)
_ #Se(dp)

%= 20  neutron number N
2\ 7Be(d,t)

'Be(d,p)

126Sn(°Be,®Be r—

1285 (°Be, 8Be I26Sn(d.p)

M 1305 (%Be, 2Be )

21 '8F(d,p) 1325 (OBe, sBe Sn(d,p)

E 26Al(d,p) 2#%e °°Sn(d,p)

= . 3TN - 1328n(d,p)

= 50 —f& T 134Te(d,p)

° = mpmm 13280 (d.t

2 Y R (e
, a1 = 'i £ ’de.c’

_';‘ﬁ\

Slide adapted from G. de Angelis
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Core-collapse of Supernovae

From the contributions of F. Gulminelli, F. Aymard, D. Chatterjee, J. B. Briand, A. Fantina, A. Raduta, J. Margueron, B. Bastin, P. Delahaye, F. de Oliveira

Cossiopeia A .~ ies One of the BIG astro challenges
w Present best 3D hydro simulations do not yet produce
satisfactory CCSN explosion => Microphysics is essential !

Key observables Key regions of the nuclear chart

VSVN 3paid

* GT response (B-decay, charge e Around 78Ni (N=50)

exchange) « Around 128Pd (N=82)
* Nuclear mass

position of the shock front is extrgmely sensitive to the nuclei EC rates (1) Electron _Captu re rates

0.501 (a) . (] ) \ ) i . ) .
S0 i il » EC : crucial all along the life of a star

o35, i ‘ it (particularly in massive stars - CCSN!)
i s i\ e but: model uncertainties (especially in n-rich nuclei!)
e

501 ®

I~
Q

W
‘:?

7€.0'80ST-AIXJIV ‘[e 18 UeA|nS

Proton Number

no
o

¥€/0°80ST:AIXIV ‘[e 18 ueA||ns

Velocity (10 km/s)

Core bounce
tt, =-1.0ms th= 00ms 1, = +1.0 ms -, = +5.0 ms |

- T T T 7 7 T T T T T
00 02 04 06 08 1.0 120002 04 06 0810120002 04 06 08 101200 02 04 06 08 10 1.2

o Enclosed Mass (M) Neutron Number
. Gulminelli et al.




Core-collapse of Supernovae

From the contributions of F. Gulminelli, F. Aymard, D. Chatterjee, J. B. Briand, A. Fantina, A. Raduta, J. Margueron, B. Bastin, P. Delahaye, F. de Oliveira

(1) Electron-capture rates
THEORY LIMITATIONS : CHARGE EXCHANGE VERSUS BETA DECAY

Shell Model: very good, but not available for Electron capture
« heavy » nuclei

Models do not agree and extrapolation (e.g. L03) Sk cecay
may be wrong

—20

W2 f(Qp—E.DT 22 f1°

I B(GT)? =

K I4(E) K 1 I

need of experimental data to calibrate models in

the region of interest I GFT(q.cU) o~ 6GTF(q.w)Bj(GT). I

Data from both techniques
are essential

(Z+1,A)

TABLE VII. Comparison of B(GT) values obtained in the
decay of 3*Ni (present experiment) and the **Fe(*He.r)**Cr charge-
exchange reaction.

B decay? (*He.r)?

log10(lambda EC)

Energy (keV) B(GT) Energy (keV) B(GT)

936.7 0.549(39) 936 0.475(14)
2424.6 0.014(2) 2424 0.015(1)
~ “phenomenological” RPA Nabitable 3376.1 0.081(9) 3374 0.076(2)

“old” FFN
analytical formula on gll\tjl rrg;:]lfsl Lo3 X 3889.6 0.080(11) 3892 0.099(3)
e i g e e 4203 4 0.040(17) 4298 0.022(1)
z (OL“. ooy o ? 4323.0 0.096(31)

4543.8 0.105(20) 4546 0.142(4)
values accessible with SM calculations 4822.8 0.060(13) 4825 0.097(3)
5202.4 0.057(20) 5221 0.014(1)
5470 0.013(1)
)
)
)

uonedIUNWWOo a1eAud einpey 'y

GTOC ‘[e 18 eulnA A

5762 0.013(1
5857 0.011(1

F. Gulminelli et al. 5917 0.140(4




Core-collapse of Supernovae

From the contributions of F. Gulminelli, F. Aymard, D. Chatterjee, J. B. Briand, A. Fantina, A. Raduta, J. Margueron, B. Bastin, P. Delahaye, F. de Oliveira

(2) Mass measurements A. Raduta et al ArXiV:1510.04517

~N 80

Very precise mass values (within ~100 KeV) are
necessary for the computation of Q in EC, but this is 70
not all!

Exotic nuclei around N=50 and N=82 dominate because 60

they are predicted to be magic. Magicity quenching 50
would strongly affect EC.

40

30

20

NOTE : concerning the N=82 closed shell, the same
nuclei are relevant for both core collapse and for r-
process.

70} AZ=10 25M_,

AZ=10 15M_,

Proton Number (Z)
GTOZ uelweyeldy
GTOZ [e 18 Jamodwn

90 100 110
Neutron Number (N)

N
o

F. Gulminelli et al.




Core-collapse of Supernovae

From the contributions of F. Gulminelli, F. Aymard, D. Chatterjee, J. B. Briand, A. Fantina, A. Raduta, J. Margueron, B. Bastin, P. Delahaye, F. de Oliveira

Experimental program
(masses, decay, charge exchange)

Status of mass measurements (2012) Mass measurements

Currently mainly JYFLTRAP, ISOLTRAP and
FRS-ESR

In the future : + SPIRAL2 (DESIR) + SPES

u
EEEEEENEEEEEEEEEN
N I
i n

Decay studies

404 e ; JYFLTRAP
g DA ISOLTRAP

e CPT Currently mainly IGISOL, ISOLDE, GSI, Alto
1 LEBIT

0 2 AVE1T ] In the future : + GANIL-SPIRAL2 + SPES
pas s AME11, # 3

N
| —
o)
o
£
S
c
c
e
o
o

ZT0C ‘[e 18 uaurexquey] 'y

70 80

Neutron number N Charge exchange

Currently mainly IGISOL, ISOLDE, GSI,

Status of charge exchange measurements
In the future : + GANIL-SPIRAL2 + SPES

needs to be updated

Experiment which couples mass measurements and decay studies are foreseen as well




Radioactive waste to unveil supernovae

» triggering of supernova explosion is not
yet known

> 44Ti formed close to the supernova mass
cut (boundary between core and
envelope) 1157 keV

» Its observed abundance tell us about the Ca
explosion mechanism

44Ti (59y)

Integral

THEOR. PREDICTIONS: ?  OBSERVATION 1.6(8)x104 Mo

4Tj in the ejecta < 1x10 Mo —Sl= Casiopea A, |
Supernova SN1987A | 3-1(8)x10** Mo

Main contributor #4Ti(a,p)*"V Mo = Solar Mass

o]
AR v 4 "Kff.girsimgle" . , 44 . _4

1 ~ VR 25 s ““T1>1.35x10*Mo

f R = ) g Phys Lett B731(2014)358

¥ e PR TLICY

- 3

PAUL SCHERRER INSTITUT 50 MBg **Ti (59 a)

L'__ == Radioactive Waste

Slide adapted from M.J. G. Borge
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rp process

(p,y), (a,p), (o,y) at GANIL-SPIRALZ2,
FAIR/GSI, HIE-ISOLDE, SPES

Masses (traps, MR-TOF)

High-Resolution with AGATA @ GANIL,
FAIR-NUSTAR, SPES, ISOLDE (?)

Novel TPC-based devices (GANIL) for
b
p

Continuum EC + weak interaction
strengths probed via B-decay (TAS) and
CE studies

CNO cycles and breakout

Key reactions need to be measured!
Spectroscopy and lifetime
measurements with AGATA
Inelastic scattering spectroscopy
Transfer reactions

Mainly : ISOLDE and GANIL-SPIRAL1

Summary

S Process

a(n,y) for key
branching nuclei
via:

- Coulomb
dissociation
(R3B-LAND)
surrogate
mehods
(Bourdeaux
group and
SPES)

Proof-of-principle
for (n,y) surrogate
methods in rings

I Process

Masses (traps, MR-TOF ESR), half-
lives, and beta-delayed neutrons

3 r process peak and N=126 at
NUSTAR(FAIR)

NUSTAR instruments being tested
e.g. at RIKEN, GANIL, JYFL

In the medium-mass region (N=50,
N=82) pure n-rich beams (ISOLDE,
GANIL-SPIRAL2, SPES, JYFL,..)

Core-collapse

Masses and GT response measure-
ments needed around “8Ni and %¥Pd




» Commissioning of new facilities (FAIR, HIE-ISOLDE, SPIRAL-2,SPES)

» Preparatory work for the EURISOL
» Ensure new generations of skilled students for RIB for nuclear astrophysics

(teaching&dissemination)

* * o * % %
" * * W
4 “ " . . . + “
* * ; T B * *
L = % \ . L
- )

DISTRIBUTED FACILITY

GANIL-SPIRALZ2, ISOLDE and SPES + ISOL@Myrrha

Prepare strong scientific case for RIB science and applications

Support, upgrade, optimize and coordinate ISOL-based European facilities and
projects

Foster R&D on RIB production and Instrumentation towards EURISOL

Close collaboration with FAIR and with smaller scale ISOL facilities: ALTO and JYFL
Get EURISOL-DF on the ESFRI list as a candidate project by 2018

EURISOL as a single site facility as a long term goal
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Upgrade of REX-ISOLDE
» New superconducting linear accelerator
beam energies up to 10 MeV/u

» More energy to overcome Coulomb barrier,

heavier nuclei

TSR storage ring at HIE-ISOLDE

» The only storage ring at an ISOL facility

» Cooler beams, higher intensities

» Less background for capture and
transfer reaction studies

> In-ring decay studies (e.g. 'Be T, ,)




NUSTAR@FAIR
(NUclear STructure, Astrophysics and Reactions)
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NUSTAR@FAIR

Energy buncher /
spectrometer

Super-FRS characteristics:
g, = ¢, = 40 1 mm mrad

@, = +/- 40 mrad W

Important beam parameters. oy = - 20 mrad NeuLAMND
- all elerents from H through U Aplp = +/- 2.5%

- intensity up to ~ 10'? jons/sec. .
- beam energies up to 1.5 GeViu Bpma =20 Tm 7

- slow (DC-type) extraction Rion = 1,500 y __Low-Energy

Branch
/——' Main separator
ot l'.— .
Sl . "U\\.
Ll

&9’“‘

™ High-Energy

, %, " Branch 2 : Heavy
{ / N, : : 3 fragments
T IR — i 4

s Protons
: Super-FRS separator-spectrometer

Production B : . : :

experimental areas comprise:

@

Storage-Ring

Branch

target { secondaryltertiary targets CALIFA

Rl > RIB-GLAD
degrader stations )
ancillary detectors

Y. s
masses, in/post-trap spectr. ILIMA

u isomeric beams, lifetimes, masses

by - D830 IMFLANTATION
First floor b e 5, DETEGTOR

GE y-ARRAY

MATS setupl E8I
LaSpec setup

Spectroscopy setup
RFQ buncher
Dipole magnet

Gas catcher

Ground floor . 1] .. DESPEC

HISPEC - AGATA decay studies




SPIRAL-

Existing
experimental
halls

Experimental hall -
with exotic nucle

at low energy (DES I!'

Experimen ‘.:T*‘\ ;
Super Se T
Spectrome)

Experimental hall
Neutrons For Science (NES) |

Linear.Supraconducto .

ccelerator LINAC

E =14.5 AMeV for ions Alg =
= 40 MeV for deuterons

E = 33 MeV for protons

CNRS/INZP3

=

2

http://u.ganil-spiral2.eu/chartbeams/

Existing
accelerators

CIME Cyclotron
Acceleration of exotic nuclei E <= 25 AMeV,
6-8 AMeV for the fission fragments

-Source Ensemble
nverter + UC, Target
0" fissions/s

Deuteron - Proton source

Y 5. mA




SPIRAL-2

N -TOF detector
MONSTER

S3/DESIR:
Laser spectroscopy, masses,

decay studies,
total absorption spectroscopy

Collaboration S3-LEB general layout and successive stages of

development _ AN ®
—_ B A ptmbar S
NSTIUT O PHYSIUE NUCLNRE \\ Pur beam < == s
ORSAY coan - it E
(Gas cell) (RFQs) A o e 5
B g Hif =
A N {E = :
El-\l\g.ﬂﬂ%_ o Lo |2 Pulsed
SR Z ‘E _ % 2 | : | drift tube
(mr-TOF-ms, laser system 3 2 :
(Gas cell, laser system) infractructure, safety, RFQs) o = H H %keVhbeam
E '..:_E _:..' <=10kV beam
Isotopic selection (2) 8 ==
1 q 2 iy}
High pressure zone Low pressure zone -i - \\\\W Quad
(107 bar) (107*bar) g ——1—  deflector
exitholewith S-shaped  |Extraction i RFQ "_“'59“—' 3
de Laval nozzle RFQ RFQ QMS$ buncher drift tube " “'.'“ ‘ N
Gas cell o Ruiil e Tl s [ § ey e §\ »| ey
as cel o2 o S ® ) e we— & fo fo O\\e o € 4 Tagsalyies
Gas jet o CEET Tt G T M W | \ station
At NFS: ey Y A
. S
. Laser beam — U‘-‘N E
. . (in-gas-jet mode) HT=5-10kV I'I':| E
direct cross section Laser beam | © 3
{in-gas-cell mode) H o é
measurements for p process Pheatlie oy | 5
p p 53 bean:nd REGLIS? (S. Franchoo) |  (pA-> 100 ua Fc, McP) A ] 8
entrance window =AU
e.g 7zGe(p 'Y)73AS 2014-2018 (S*-LEB phase 0) || (5°-LEB phase 1) v Lo
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. Isotope of interest
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MAJOR ATTRIBUTS OF THE DEVICE

ery small quantities (-> ~ 1 pps)*

supgressiomof unwanted isotopes
(1/10 000 lower limit demonstrated)
v'fast :
short life time (up to ~ 240 ms)
v'sufficient spectral resolution
(-> few hundred MHz):
determine the isotope/isomer shift and hyperfine
structure, spin, moments...

= 2in1: Laser spectroscopy +Laser lon Source

(pure (isomeric) beams)

Expected performances

Transmission through S3 40-50 %

Thermalization, diffusion and transport | 50-90 %
through the exit hole

Neutralization 50-100 %
Laser ionization 50-60 %
Transport efficiency 80-90 %
Total efficiency 4-24 %

ssa4d ul (€T0T) GNIN “[p 12 134494 Y

Pur beam

S3-LEB general layout

Bender-buncher

extraction RFQ

S-shape RFQ
2 p

Collaboration

L =G -
AN
N0l .
b e INSTITUT DE PHYSIQLE NUCLEASE

ORSAY
(Gas cell, laser system)  (mr-TOF-ms, laser system

infractructure, safety, RFQs) (RFQs) (Gas cell)




INFN-SPES

— Selective Production of Exotic Species

Nuclear Physics

high angular momentum

deformed nuclei ”’

correlation ¢0ED G
(pairing) 6 -

shell evolution

+ = heavy elements origin
’ r-,p-,S-process

i
L E
3 H

[ [

stellar explosion
X-ray burst and supernovae

P o =

neutron stars

Nuclear Astrophysics

m
exotic beams for science\

UC,, but also other
target materials
such as B,C, SiC,
Al,O;, ZrC, CesS,
LaC,, TaC




ALTO — devay studies of neutron-rich nuclei
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JYFL — mass and decay measurements

IGISOL FACILITY MARA SEPARATOR + LOW ENERGY BRANCH

- universal method smaller but earlier than S —LEB at SPIRAL-2
pure beams (post-trap)

nuclei close to N=Z

¥V Electrostatic

; @actor
! A

Quadrupole

F :
Magnetic triplet
dipole
c Mass
(=] .
c = separation
s O
5 O HV
c B platform
l—'?" <
—_——
l |Detector
D.FIStation
] ‘ EE|Cooler-
TS i i|Buncher
MASSES ), i——=<KJ—>
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Future: ISOL@Myrrha

2 gap Spoke 5 cell Elliptical

Beam
352 MHz 704 MH
&qi'{- 04 MHz splitter

double- : : : Protons:
; ..H--H-- 24 mA Long beamtimes

injector ¥ : : i
‘é' [(3=0.35 V [(3=0.47 V P=0.65 N cw : : .
17 MeV 100 MeV 200 MeV 600 Mev | Protons: . For high statistics or very rare cases
Low-resolution MLl | Operational around 2025

mass separator 1 | Construction 2017'2021
L = | Mol, Belgium

Sustainable 1* Ruggedized

High-resolution ion source target:
mass separator e.g. Ta, UC/C

RFQ cooler

& buncher MYRRHA reactor




Future: EURISOL DF

DISTRIBUTED FACILITY

GANIL-SPIRALZ2, ISOLDE and SPES + ISOL@Myrrha

Prepare strong scientific case for RIB science and applications

Support, upgrade, optimize and coordinate ISOL-based European facilities and
projects

Foster R&D on RIB production and Instrumentation towards EURISOL

Close collaboration with FAIR and with smaller scale ISOL facilities: ALTO and JYFL
Get EURISOL-DF on the ESFRI list as a candidate project by 2018

EURISOL as a single site facility as a long term goal




Fission yields

EU RHSOL >1015 fissions/second

5 103 to 104 fissions/second
10!3 fissions/second

. = 10%2 (10*®) fissions/second
Y aon

-
’ll LOHENGRIN 1012 fissions/second

NEUTRONS
FOR SCIENCE

L‘lp“ 10!! fissions/second

IWSITINT IF PEVEINE M EAEE

ORSAY Teresa Kurtukian-Nieto CENBG




NUSTAR: Phase-1 experiments

» Understanding the 3rd r-process peak
« comprehensive measurements of masses, lifetimes, neutron
branchings, dipole strength, and level structure along the N=126
iIsotones
» Equation of State (EoS) of asymmetric matter
 measuring the dipole polarizability and neutron skin thicknesses of
tin isotopes with N larger than 82
» Exotic hypernuclei with very large N/Z asymmetry
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