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Prospettive della fisica con fasci (dei nuclei) radioattivi

In ltalia | gruppi interessati sono:

CSN4 - IS STRENGTH (MI, PD, PI, NA, CT, LNS)

Roca Maza, Mengoni, AB, Coraggio, Verde
medium-heavy nuclei, bulk properties

CSN3- MAGNEX-NUMEN

ASFIN2 (LNS)

EXOTIC (PD, NA),

GAMMA (FI, PD, GE, MI, NA, PG (+CM), LNL)
LNS-STREAM2 (LNS)

NEWCHIM (CT, LNS, ME, MI, NA)

NUCL-EX (FI, BO, LNL, PD, NA)
PRISMA-FIDES (LNL, PD)



INFN ~300 stable nuclei, ~ 7000 “exotic” Half-iife data
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E_i%&lm Entering the world of exotic nuclei: probing the unbound
i) He | by walking at the drip line.

A

e What life is there beyond the

Colour codes dripline?
e How can we discover it without
.< 105 . 1021105 getting lost?
10" .10"% 1075102 e Extend our understanding of the
1 - 1000 ps 1- 1000 ns residual nuclear force.
. et e Check the limits of validity of
1-60s 1-60m
Wi1-24n SR structure models such as the
S 3 .6 SHELL MODEL or "ab initio”
[] '6 9y 1w '910 ¥ models.
10°-10" y >10"y . . .
e Challenges in peripheral reaction
Bl Stable theory.
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o Georgio Fea, Il Nuovo Cimento 2, 368 (1935)

SEDONE OF PEA

TABELLE RIASSUNTIVE E BIBLIOGRAFIA DELLE SULIA TRISHUTARIONT ARTSFICIALS i
TRASMUTAZIONI ARTIFICIALI QUADRO PROTONI-NEUTRONI - I,
Nota di Grorato Fra () a_L : s v 5 ‘ A?] o o - &”xr
50 | JAssoRBIMENTOD - EMissione | | | || T e ds B l%
+ e i 111 1
:ué"( .% ] | 194
Dato il grande sviluppo preso dallo studio delle trasmutaziomi artifi- 45 it -z ;‘g,' H : . 1'; EREA N | S
eiali, sopratutto dopo l'impulso date dalla scoperta delln radioatliviti T T T T =:>+p~?-“
provoeata, & parso utile, allo serivente, riassumere in aleune tabelle sinot- - — | &
tiche quanto & stato sin qui ottenute dagli ormai moltissimi ricercatori, wl L -1~ 11 a9
¢he s sono oeeupati dell’argomento. 1 -+ 4L 5 V‘APM}_F? {“J an
Segue un'ampia bibliografia delle opere consultate per la eompilazione 11 EEEEEEENN T L’_‘_i‘i‘gﬁ_
delle tabelle stesse, ¢ un quadro rappresentante, nel dingramma neatroni- e s - by 1N,
protoni, quanto si conosee cirea gli isotopi stabili e radioattivi. i Y { ‘*4'1' —1 h J I ’."Tip‘ ]
- *- i 1 r ] 1_717‘ s
Disposizione delle tahelle. - ._i_ AN 1 T I HE :_é_é \} EEEN
§ 1. Esse sono quattro, in corrispondenza dei guattro tipi di eorpuscoli % % -+ : ] o ans i O
bombandanti econsiderati. e cioi: ‘ 1 NEE Fa il FLP of N __“_:} AR SNEEN
1) Trasmutazioni ottenute con bombardamento di protomi e deutoni. - ST Jﬁ’, ' . . R -1 e
2) Trasmutazioni ottenute con hombardamento di nuclei d'elio. - e - EFRaNN: L
3) Trasmutazioni ottenute econ bombardamento di neutroni. : T T SO GNNERNEE B t
4) Trasmutazioni ottenute con bhombardamento di fotoni. = an _If I .
Cinscuna tabella & divisa in otto colonne, nelle quali ¢ riportato, salvo 2 g T ——
nella seconda parte della terza tabella, yuanto segue: t . J? — | @L t
1) l'elemento bombardato, indieato eol simbeole ehimieo e il numero LU _I_A_i_' EE " O REEN L___j_“ 17
atomico; se IK-L‘A;- L,\rar"' 56 | T - : 1 .
2) a: la energin del corpuscolo bombardante eorrispondente ai dati - IRNES ¢S AN NEENEN
energetici dei prodotti di trasmutazione riportati nella sesta colonna: questo T BB eA! B A o ! 1
dato ha imporianza particolare per le trasmutazioni con nuelei d'elio, w L | JL=?°' | 11 m 1 T
mentre pud essere in generale traseuraio nel emso di trasmutazioni con ] -t —‘l” } 'L‘»
protoni ¢ dentoni; pereid esso manea nella prima tabella, i be Ly EENEEN :
b: in parentesi quadra e con segno > quella che da molti autori s T "f* - W T
& data come energia minima per l'emissione dei corpuseoli indieati aceanto — .o - ___lI RN
in parentesi (se manca l'indicazione de! eorpuscolo il dato si riferisee alla It w1 ;[ ! i .r } : [ - TT
L f R . - - -
{*) Bl presentano la bibliografia ¢ le tabelle rinssuntive di tutte le trasmu- ‘ .’}a T s " 0 - 5 2 25 .rl, : I

tazioni artificiali studiaste sino al Maggio 1935,

Carlo Perrier and Emilio Seqgré. 43Tecnezio, Palermo 1936




Fin dall'inizio la fisica nucleare € stata caratterizzata
dallo studio della radioattivita e quindi dei
decadimenti, “complementato” dallo studio delle
proprieta nucleari in funzione della massa (isobari),
numero of neutroni (isotope) e/o dei protoni (isotoni).
Da qui la necessita di ottenere nuclei con svariate
combinazioni del numero di protoni € neutroni.

| nuclei radioattivi sono del DNA della fisica nucleare,
In particolare di quella italiana e sono state solo le
difficolta tecniche nell'ottenerli come fasci che ne ha
impedito uno studio piu sistematico fin dall’inizio.

RECUPERIAMO IL TEMPO PERDUTO



o Focus Point on Rewriting Nuclear Physics textbooks: 30 years with
radioactive ion beam physics
EPI N. Alamanos, C. Bertulani, A. Bracco, A. Bonaccorso, D. Brink and G. Casini
Rewrltlng Nuclear PhYSlCS textbooks uclear Physics with RIB’s: How it all started

. . . . sao Tanihata
30 years with Radioactive Ion Beam Physics e ieeppneps

Pisa (Italy), July 20™ - 24", 2015 aking radioactive ion beams - Detecting reaction products

Riccardo Raabe

ur. Phys. J. Plus, 131 10 (2016) 362

lobal properties of atomic nuclei - Masses, radii and modern methods to meast
agdalena Kowalska

ur. Phys. J. Plus, 131 8 (2016) 294

Strong, weak and electromagnetic forces at work in atomic nuclei, decay propert
. Benzoni

ur. Phys. J. Plus, 131 4 (2016) 99

Structure models: From shell model to ab initio methods - A brief introduction t¢
microscopic theories for exotic nuclei

Sonia Bacca

ur. Phys. J. Plus, 131 4 (2016) 107
The scope of the activity is twofold. First we will celebrate 30 years since the first genuine work on radioactive ion beams (RIBs) . . L. . .
used to study properties of atomic nuclei. Since then Low Energy Nuclear Physics research fed by experiments at various facilities all 1N gle D artlcle versus COHeCthltV, Shapes Of exotic nuclel

over the world has experienced a great revival supported by widespread theoretical efforts which have changed deeply our
understanding of nuclei and their interactions. Andr: n l
The second scope of the event is to attract and educate the best possible students introducing them to the wonders of Physics with d ca Ju gc aus

RIBs. We shall try to convey to such students a view of the rich variety of on-going activities in the field, both experimental and
theoretical such that the progresses we have made in the last 30 years can be developed further in the future. The planned activities ur. Phys : J' Plus ’ 1 3 1 3 (20 1 6) 59

will be directed towards students who are in the process of deciding what graduate studies to specialize. R eaction theo

Program Stefan Typel
Isao Tanihata (Osaka and Beijing) How it all started ur. Phys . J . Plus . 13 1 1 (20 1 6) 13

Magda Kowalska (CERN, Geneva) Global properties of atomic nuclei: masses, radii and modern methods to
, measure them ) , Resonance phenomena: From compound nucleus decay to proton radioactivity
Riccardo Raabe (Leuven) Making radioactive ion beams, detecting reaction products
Giovanna Benzoni (Milano) Strong, weak and electromagnetic forces at work in atomic nuclei, decay R . J_ Charity
properties
Sonia Bacca (TRIUMF, Vancouver)  Structure models: from shell model to ab initio methods ur. Phys . J. Plus N 1 3 1 3 (20 1 6) 63
Stefan Typel (GSI) Reaction theory . . . . . . .
Robert J. Charity (St Louis) Resonance phenomena: from compound nucleus decay to proton radioactivity dBpins In EX()t]C Nucle1: RI-beam Experlments Wlth P()larlzed Targets
Tomohiro Uesaka (RIKEN) Experimental methods and measured observables with polarized proton
targets: understanding spin-orbit . Uesaka
Alexandre Obertelli (Saclay) Probing nuclear structure with direct reactions: observables, methods and .
recent progress with rare isotopes ur. Phys. J. Plus (2016) 1n press.
Andrea Jungclaus (Madrid) Single particle versus collectivity, shapes of exotic nuclei y ’ . p . . . .
Lucio Gialanella (Napoli) Radioactive ion beams in experimental nuclear astrophysics uclear structure from dll‘eCt reactions Wlth rare ISOtODeS . Observables N methOdS
Ulli Koester (ILL-Grenoble) Applications of physics of unstable nuclei to energy, medicine, material science h . hl . h
Bjorn Jonson (Géteborg) ‘What’s next in Nuclear Physics with RIBs and 12nl1g ts

24/7/2015: Visit to the INFN Legnaro National Laboratory where SPES, the Italian RIB's facility is under construction Alexandre Obertelli
Local Organizing Committee ur. Phys J Plus? 131 9 (2016) 3 19
Angela Bonaccorso, INEN, Pisa (co-chair) Radioactive ion beams in nuclear astrophysics

Giovanni Casini, INFN, Firenze (co-chair) .
Ignazio Bombaci, Department of Physics, University of Pisa /j . Glalanella

Alejandro Kievsky, INFN, Pisa

Laura Elisa Marcucci, Department of Physics, University of Pisa ' N F N ur. PhyS . J, Plus N 1 3 1 9 (20 1 6) 33 1

Valeria Rosso, Department of Physics, University of Pisa

D NGB IRRE: - ammii hat’s next in nuclear physics with RIB’s
Lucia Lilli and Claudia Tofani, INFN, Pisa (Secretaries): ExoticNuclei2015@pi.infn.it

http://exotic2015.df.unipi.it ‘ i Bjorn Jonson
- ur. Phvs. J. Plus. 131 2 (2016) 20
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INFN Angela Bonaccorso . .
t==" Queste sono le nostre prospettive e speranze per il futuro
“SPES is a project where I can foresee that many of the participating students in our school will have their
future research activities, in particular those coming from Italy. It is a gift to have a National Laboratory of this
class and we are all looking forward to see how it will develop.”. From B. Jonson’s talk
| P ] “ "
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weme10ta1 budget of ENSARZ2 is 10ME
_— (3.25ME pre-financing)

8 Networks 7 JRAs

NA1 - FISCOZ2: Flnancial and SCientific
Organisation

NA2 - NUSPRASEN: Nuclear Structure
Physics, Reactions, Astrophysics and
Superheavy Elements Network

NA3 — MIDAS: MInimisation of Destructive
pl[ASma processes in ECRIS

NA4 — NUSPIN: Nuclear SPectroscopy
INstrumentation

NA5 — MediNet: Medical Network

NA6 — GDS: Gas-Filled Detectors and
Systems

NA7- ENSAF: European Network of Small-
scale Accelerator Facilities

NA8 — NuPIA: Nuclear Physics InnovAtion

JRA1 — PASPAG: Phoswich scintillator
assemblies: Application to the
Simultaneous detection of PArticle and
Gamma radiation

JRA2 - PSeGe: R&D on Position-
Sensitive Germanium Detectors for
Nuclear Structure and Applications

JRAS - TheoS: Theoretical Support for
Nuclear Facilities in Europe

JRA4 - RESIST : RESonance laser
lonisation Techniques for separators

JRAS - SATNURSE: Simulations and
Analysis Tools for Nuclear Reactions and
Structure in Europe

JRAG - EURISOL

JRAY7 — TecHIBA: Technologies for High
Intensity Beams and Applications
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JRA EURISOL, WP14

WP leader: Yorick Blumenfeld (IN2P3-IPNO)
Deputy WP leader: Fredrik Wenander (CERN)

Participants and Management Objectives and Structure

Participants: CERN, GANIL,
HIL Warsaw, IFJ Krakow,
IN2P3 — IPNO, INFN — LNL.
Steering committee: WP
leader + 1 representative
per participant

Alberto Andrighetto (INFN —
LNL Legnaro)

Piotr Bednarczyk
(IFJ,Krakow)

Yorick Blumenfeld (IN2P3-
IPNO, WP leader)

Manssour Fadil (GANIL)
Przemystaw Gmaj (HIL
Warsaw)

Maher Cheikh Mhamed
(IN2P3-IPNO)

Fredrik Wenander (CERN,
deputy WP leader)

Total EC budget: 640 K€

EURISOL concept defined during
EURISOL DS (2005-2009) :
NuPECC LRP priority

JRA includes R&D

Necessary for future
EURISOL

which will enhance output of
ENSAR2 ISOL facilities, in
particular SPIRAL &
SPIRAL2, HIE-ISOLDE,
SPES and ALTO see also
EURISOL DF

Includes 3 tasks:

. ICBT: Innovative Charge
Breeding Techniques

. Beamlab: Development of
chemically reactive nuclear
beams

. CRIBE: Chart of Radioactive
lon Beams in Europe

EURISOL 'ser Group

Will keep updated the physics case with meet
in particular a town meeting in PISA, spring 2

User Executive Committee
» Berta Rubio, Spain; chair

Didier Beaumel, France;
Maria Borge, CERN;
Giacomo de Angelis, Italy;
Lidia Ferreira, Portugal;
Adam Mai, Poland;

lain Moore, Finland;
Riccardo Raabe, Belgium;
Haik Simon, Germany.

AB, NUSPRASEN ex-officio representative.




o= In particolare ci interessa CRIBE
(Chart of Radioactive lon Beams in Europe)

Task leader : M. Fadil (GANIL)
Participants: GANIL, IFJ Krakow

Which criteria for RIBs to consider in CRIBE ?

The main idea of this activity is to collect available data (essentially
intensities and energies) of radioactive-ion beams produced in the
existing European ISOL facilities dedicated to the production and the
acceleration of RIBs. Both low-energy (at the exit of a mass separator)
and post-accelerated RIBs will be taken into account. These data will be
accessible and visualized through a nuclear chart. The experience
already gained at GANIL in this type of project will be used to carry out
this project successfully. This chart will present beams that are already
available in the nuclear facilities (ALTO, GANIL, GSI (low energy),
ISOLDE, Jyvaskyla, LNL, ELI-NP?) or that will become available during
the ENSAR2 mandate.




.
[ s Courtesy of T. Motobayashi
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World map of Rl beam facilities
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L== Experimental data vs. Reaction theory vs. Structure theory

UuBe—>10Be

e Direct reactions involve few nucleons
and few degrees of freedom but to
“model” them requires understanding
the whole nucleus and all other
possible reactions. Ex: elastic
scattering and the optical potential.

9C>8C (a+4p)

(0]

N
HiRA array
e It requires also the understanding of -

experimental setups and the handling
of data to extract meaningful
observables.

e It has to be simple and transparent in
its interpretation to help disentangling
the physical processes and allow
experimentalists to describe their data.

T T T 200
* (a) *Be("C.C)X

s

150

il *Cye = apsa | q00k
e Reaction theorists must understand [ :‘&,

stucture models, experiments and | e .
they must describe data reliably but in T Y ke R taovie)

a simple way.

Counts / 210 KeV

50

Direct ractions and projectile breakup in particular are important in astrophysics and for
practical applications. The International Atomic Energy Agency recently completed a
Coordinated Research Project (CRP) to update the Fusion Energy Nuclear Data Library
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11IBe>10Be

Di Pietro A et al 2010
Phys. Rev. Lett. 105 22701

L5 1E+0
¢! ~\\
1 ' S IR
-] . o )
© 'n ? 1E-3
=~ i 0 50 100
bo i \"\ 0 uldhee)
3 b 5
0 M‘
0 50 100
Ocn(deg)

9Be, 12C, 208Pb,...p
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6C3

Mass excess (keV)
Binding energy (keV)
Mass (mu)

Qp- (keV)

Q. (keV)

Q. (keV)

Q2p- (keV)

Qp-n (keV)

Sh (keV)

Sp (keV)

Son (keV)

Szp (keV)

28913.650 + 2.178
39034.135 + 2.178
9031040.087 + 2338
*

16497.950 + 2.374
-11507# + 3996#

*
*

14251.73 +23.17
1296.32 +£2.35

*

1433.78 £2.13
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Proton unbound nuclei via invariant mass method

Interest: Two-proton radioactivity vs. 2n-halo by isospin symmetry
°He, °He,8He,?Be and IMME

Isobaric Multiplet Mass Equation
=,
INFN

e —— Proton unbound nuclei

before | after: ot+p

6Li,’Be,°C,130 studied by knockout of a deeply bound neutron:
R. J. Charity & HiRA collaboration



A s Another motivation

p-p chain
p(p, 87v)d(p,v)*He(a, v)" Be(p,7)*B(p,7)°C(5+v)°B(p)*Be(a)a.
Determine ANC and/or spectroscopic factor for s.p. states

(can give reaction rates directly)
Ab-initio (i.e. Nollett-Wiringa) or HF wfs

NP1412_ SAMURAI29RI1 (re_evaluation: NP0906_RIBF13

Title: Inclusive and exclusive breakup of °C in nuclear and Coulomb fields

Spokesperson: Livius Trache

Approved —Grade A 3 days (including 0.5 days for the BigRIPS tuning)

Collaborators:

F. Carstoiu, RJ Charity

C. Bertulani, T. Motobayashi, L. Sobotka, L. Trache
[Bucharest, St Louis, RIKEN, Texas-Commerce, Pisa]
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10000

T T T 1500 T T 5000 T T

(a) °Be(’Be,’Be)X (b) °Be(’Be,’Be)X (c) °Be(’Be,’Li)X

sooof :%:

10000 § ® data

g 1 E/A = 65.2 MeV 1000
Ze000 - :%: ® EXPp.
E i o \ P =12
3 P e, — 2p+a =P —
C4000fF 0* * 500 |-P. 4 5000 |—P.o+p
: .. i a 1/2
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L, 0 k== —t L L 9
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0
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FIGURE 2. (a) Experimental %Be invariant-mass spectrum and (b,c) the parallel-momentum distributions [3] of the reactions
9Be(’Be,’Be)X, ?Be(’Be,°Li)X at mid-target energy of 65.2AMeV. Here and the following figures the dashed line on the P spectr:

indicates the momentum of the unreacted beam. The dashed lines in (a) show the gate on the ®Be ground state.

E; o, .
inc exp : T T 200 T —
! (a) *Be(°C,iC)X (b)
AMeV mb 2000 2 F 150 |
i} | E/A=638MeV
[7) H H
< ifhl e, >apro | 100k
TR,|6 3 P
('Be|°Begs)  65.2 10 L
"Be|OLi ¢ \‘.’ 5or ;
("Be|®Lig.s) 65.2 50 r #
: : 3 | " sty
2|8 o o 1 2 3 2500 3000
COCl®c,s) 638 382 D e 2 ot
9,8
OC|®B,;) 644 545 e . |
EIGIQJRE 3. (a) The experimental °C invariant-mass spectrum and (b) the para%lel—momentum distributions [3] of the reactions
98 Be(PC,°C)X at mid-target energy of 63.8AMeV. The gate on the ground state of °C is indicated by the dashed lines in (a)
OC|®By+) 644 122
°C|®Bs-) 64.4  42.6 15000 ———— — —
(a) °B— p+'Be (b) J=T (c) J=3*
1 3
Jo000 1 p 2000
=  H : 5000 |- :
3 i e e
s000 - [l 1000
0 ]! :I : 1 /\ |“ 0 i A |
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FIGURE 4. (a) The experimental 8B invariant-mass spectrum for the p+7Be channels and (b,c) the parallel-momentum distribu-
tions [3] of the reaction °Be(°C,®B;+)X and *Be(°C,®B5+ )X at 64.4AMeV.



Perfect example of most discussed reaction
mechanisms vs. structure topics of present
day physics with RIBs

e Unbound nucleli

e n-knockout from deeply bound states
e Reduced cross sections

e Elastic scattering

e Total reaction cross sections
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C== transfer and _ inelastic excitations
A consistent formalism fo breakup reaction mechanisms

The core-target movement is treated in a semiclassical way, but

neutron-target and/or neutron-core with a full QM method.
AB and DM Brink, PRC38, 1776 (1988), PRC43, 299 (1991), PRC44, 1559 (1991).

Early eikonal model: |. Tanihata, Prog. Part. Nucl. Phys. 35, 505 (1995), halo-core decoupling.
{ }

do ] dP_n(be)
= C*°S db, P
dé 0 d¢§

§—ef,kz, Py also ANC = \/CQSC,?

- rfz ; Use of the simple parametrization
b p——] Pct(bc) _ |5ct|2 _ e(—l\n 2exp[(R5—bc)/a])'
S f 1/3 1/3
e j, . Rs ~ rs(AY> + AY?) 1 ~ 1.4fm
E AL
L —a— 'strong absorption radius’
] AB&F.Carstoiu, NPA706 (2002) 322

e AB&A Ibraheem, NPA748 (2005) 414
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Transfer to the continuum: from resonances to knockout

reactions
First order time dependent perturbation theory amplitude: *x*

1 [~ | ,
Ai = | de < orIVnlr = R(e) > emma ()
w:E;—£f+%mv2 R(t) =be + vt
dP_pn(bc) 1 m 1 2
def ~ 8m3 h2ke 2/ + lzm"IAf'l
4 _ —~ —~
2_1(%'2):11‘(2./1‘ T 1)(\“- - ij‘Q +1- |ij|2)f
of see (*)
.F:(l—l-F,l )B; [ 1 kf 2 € _anc
£ li ot i ) Pl B = i | |Gl 2nbe — M,
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Reaction Cross Section (mb)
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Status of the Art
Reaction cross sections of unstable nuclei

See for example

http://www.sinap.ac.cn/china-japan/

A. Ozawa (University of Tsukuba)
Also

C. Xiangzhou, F. Jun, S.Wenging, M. Yugang.W. Jiansong, and

— Y. Wei, Phys. Rev. C58 (1998) 572.

G. W. Fan et al., Phys. Rev. C90 (2014) 044321.
M. Fukuda et al., Nucl. Phys. A656 (1999) 209.

Nuclide Z N S, (keV) Sp (keV)
12¢ 6 6 18721.85+095 15956.95 + 0.42
Nuclide Z N S, (keV) Sp (keV)

12N 7 5 15693.76 + 180.00 601.42 +1.38

Proc. Conf. Advances in Radioactive Isotope Science (ARIS2014)
JPS Conf Proc_6, 030103 (2015)
http://dx doi.org/10.7566/JPSCP.6.030103

Nucleon Density Distribution of the Proton Drip-Line
Nucleus >N Studied via Reaction Cross Sections

Mitsunori Fukupa', Yusuke Morrma', Daiki Nisuvura?, Maya Takecur®, Kodai Iwamoro!
Masaru Wakagavasar', Yasuto Kawmisuo!, Junichi Onvo!, Masaomi Tanaka!, Ryosuke
Kanse!, Shintaro Yamaoka'!, Mototsugu Minara', Kensaku Marsuta!, Kenta YosumnacaZ,
Ifan Znu?, Junpei Knono*, Sayaka Yamaki*, Takeshi Suzuki*, Takayuki Yamacucur®, Shinji
Suzuki®, Masayuki Nacasumva®, Kohsuke Ae>, Keisuke Tasuiro®, Akira Honma®, Takashi
Ontsuo®, Takuji Izumikawa®, Shinji Sato®, Shigekazu Fukupa®, and Atsushi Krragawa®
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A target used very often is *Be

- single folding of a n-’Be
phenomenological potential

with a microscopic projectile density

PHYSICAL REVIEW C 94, 034604 (2016)

Imaginary part of the ’C -’Be single-folded optical potential

A. Bonaccorso,'" F. Carstoiu,” and R. J. Charity?

Few-Body Syst (2016) 57:331-336 (!
DOI 10.1007/s00601-016-1082-4

A. Bonaccorso - F. Carstoiu - R. J. Charity - R. Kumar
G. Salvioni

Differences Between a Single- and a Double-Folding
Nucleus-’Be Optical Potential

The Glauber reaction cross section is given by
OR = 27r/ b db(1 —|Snn(b)[?) (1)
0

where
1Sy (b)|? = e (®) (2)

is the probability that the nucleus-nucleus (NN) scatter-
ing is elastic for a given impact parameter b.

The imaginary part of the eikonal phase shift is given
by

m@=%/MWW@@

— %/dZ/der"N(rl —r)p(r1) (3

where WV is negative defined as

WhN (r) = / db; W™ (b; — b, 2) / dz p(b1,z1). (4)

In the double-folding method, W™V¥ is obtained from the
microscopic densities p, +(r) for the projectile and target
respectively and an energy-dependent nucleon-nucleon
(nn) cross section opp, i.€.,

1
WhN(r) = — 5 hvomn / db; pp(b1—b, 2) / dz1 pi(b1, 21).

(5)
Also

W (r) = — %fwannpt(r) (6)

is a single-folded zero-range n-target imaginary poten-
tial and v is the nucleon-target velocity of relative mo-
tion. The W™V potential of Eq.(6) has the same range as
the target density because o, is a simple scaling factor.



Advantages with respect to double folding models:

The imaginary potential is correctly second order because of the
phenomenological nature of the n-T potential.

The projectile density can be better tested because one is free from
the ambiguity on the target density.

The ambiguity on the nucleon-nucleon interaction to be used is
overcome.

The energy dependence of the potential is correctly reproduced
because of the underlying correctness of the n-T potential.

Deformation and surface effects of the target are correctly taken into
account and one is left with the task of modelling the same effects for
the exotic projecitile.
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Resonances described by SV (r) = 16

n-°Be scattering data + calculations
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J PHYSICAL REVIEW C 90, 064621 (2014)
Il l 1 1 I 1 I -
0 0 2 4 6 8! 10 12 14 16 0 First application of the n-’Be optical potential to the study of the ’Be continuum
5.8, 58, via the (1%0,!70) neutron-transfer reaction
Lx (Pﬂ E\I ) D. Carbone,l‘* M. Bondi,"2 A. Bonaccorso,’ C. Agodi,] F. sz[_)[:)uzzello,l'2 M. Cavallaro,' R. J. Charity,4

A. Cunsolo.! M. De Nanoli.? and A. Foti2?

FIG. 2. (Color online) Inclusive excitation energy spectrum of
the *Be('*0,'0)'"Be reaction at 84-MeV incident energy and 3° <
Biap < 10°. The background that comes from '>C and 'O impurities
has been subtracted. Peaks marked with an asterisk refer to the '"O
ejectile emitted in its first excited state at 0.87 MeV. Total 1 —n
breakup calculations that result from the use of the DOM and the
AB potentials (see text) [12] are shown as the green-continuous and
the violet-dashed lines, respectively. The experimental data [22] of
the °Be(n,nn)*Be [23] and *Be(n,a)®He [24] reactions are reported
as the red-dotted and blue-dotted-dashed lines, respectively. The
1n-(S,), 2n-(S,,), and a-(S,) separation energies are also indicated.
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W(MeV)

. 65 MeV

W(r)(MeV)

1000 F—

n+°Be
.... SF VMC density & o,,, &0, e
parametrized according to C. A. Bertulani, and C. =

40 MeV

De Conti, Phys. Rev. C81 (2010) 064603.
AB phenomenological, DOM
SC+°Be
— — - 2 1000 T T T T T T
T T T -— 20MeV df. |3 F v« 66MeV surf
* *+ 20MeV surf |7 b 66MeV s.f.
~ 20MeVsf. |] - — 66McV tot
Tso TR wee = 2 Govev I be
- E f = — 66MeV df
E %« lﬂ;r 1;
1 | ]
15 'F
II‘.IE— —§
orl NI
E ) 1 ) 1 ; 1 § 1 : \F.\
0 2 4 6 8 10
r(fm)
Etab Ja.far tms  Jj7y  rms J;“}';}"j rms Js.fora TmMS Wayrs
(A.MeV) (MeV fm®) (fm) (MeV fm®) (fm) (MeV fm®) (fm) (MeV)
20 656 3.55 259 4.42 198 4.72 172 381 08
38 437 3.55 212 4.40 272 429 255 3.85 0.5
66 301 3.55 143 4.31 248 3.96 245 3.86 0.1
83 261 3.55 147 427 2322  3.87 231.7 3.85 0.015
W(r) = —4a'W, d 1 (9) A.B, andF. Carstoiu,

urfE 1+ e(r—RY)/a'"

with very small strength (W ..y =0.8 to 0.015 MeV), the (2002).
radius has been taken as R'=3.8 fm, while the diffuseness

has been taken large, according to [1; 4], and equal to
1t =1/(2+/2mS,/hk) = 2 fm for °C, since S,=1.3 MeV.

Nucl. Phys. A 706, 322




> 8. G. W. Fan et al., Phys. Rev. C90 (2014) 044321.
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(- s 8Li and 8B data from 9. M. Fukuda et al., Nucl. Phys. A656 (1999) 209.
9C data from Fukuda, Nishimura, private communication
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= Knockout beyond the dripline
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E(AMeV)

- A. Bonaccorso, R. J. Charity, R. Kumar, and G. Salvioni
AIP Conference Proceedings 1645, 30 (2015); doi: 10.1063/1.4909557
TABLE 2. Reaction parameters for the indicated overlaps and cross sections for the
corresponding knockout reactions.
Eine Oexp O—n O—p O 1,0 Rs
® AMeV  mb mb mb mb fm
(7Be|6Beg,s) 65.2 10 (44.7) 68.24 (10.8) 11.12  (6.0) 5.06
("Be|SLigs) 652 50 54.4 52
(°CIBCq.s) 63.8  3.82 56 (3.86) 42.3 15(6.7) 5.46 6
(°C|®B,) 644  54.5 46 53
(°C|3B;+) 644 122 8.73 53
°C|®Bs+) 64.4  42.6 423 (5.45)
L ‘ *--k from YKE density
L %--% from BW density
- -<¢ from FC(HF) density
r.=1.44->R.=6.00flm = og=15 mb o % romrD demiy
Hf density + surf term
1.35 5.62 22.8 O ]
- ST
1 .31 5.46 42.3 E 1,35; * y * —
=T e
i ok RN
13 *_ A
1.25j * —
1'22;) 4‘0 ‘ 6‘0 8‘0 ‘ 100
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. . . . L . Neutron-Proton Asymmetry Depend of Spectroscopic Factors in Ar Isotopes Quenching of Cross Sections in Nucleon Transfer Reactions
Dispersive-optical-model 1) of the asy ry d d of correl in Ca
Jenny Lee (FBE#),' M. B. Tsang (52),' D. Bazin,' D. Coupland,' V. Henzl,' D. Henzlova,' M. Kilburn,' B.P. Kay,">* J.P. Schiffer,' and S.J. Freeman®
g p! Y, ,
. R Charity,' J. M. Mueller,” L. G. Sobotka,'? and W. H. Dickhoff? W.G. Lynch (#3{##),' A.M. Rogers,' A. Sanetullaev,' A. Signoracci,' Z. Y. Sun (#/#5),"* M. Youngs,' K. Y. Chae,?
1 R.J. Charity,* H. K. Cheung (3&#1{#£),> M. Famiano,® S. Hudan,” P. O'Malley,® W. A. Peters,® K. Schmitt,® 12 T T T T T T
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FIG. 14. (Color online) Data points indicate spectroscopic factors AS(MeV) o0l A 1 1
. e
deduced by Lee et al. [75] for valance neutron hole and particle states 08 “h? 3 S ) f A B@
in Ca isotopes using (p, d) and (d, p) reactions. The spectroscopic FIG.2 = (color online). Reduction factors —Rs= T o ] E— 0 Afa § [
. . SF(expt)/SF(LB-SM) as a function of the difference between 04l o o o 1 % 1 A 1 O
factors are expressed as a percent of the independent-particle-model neutron and proton separation energies, AS. The solid and open ’ o a [=
Ee s circles represent Rs deduced in JLM + HF and CH89 approach L 1 1 1 3He, d)|squares|
value. The DOM predlcnons with .the. asymmetry dependences Dl using the present transfer reaction data, respectively. The open 02 (e,e'p) (d, p) and/or (p,d) (a,* He) and/or (*He,a) ((n f;[d)‘[;_‘“:::::
[see Eq. (32)] and D, [Eq. (39)] are indicated by the points connected triangles denote the Rs from knockout reactions [11]. The 0ol . . . L . . . L . . | L N n .
. Sy . dashed line is the best fit of Rs of 33*#Ar from knockout 0 50 100 150 200 0 50 100 150 200 0 50 100 150 200 0 50 100 150 200
with dashed and solid lmes’ fCSPeCUVCIY- reactions. The use of different AS values from the present work A

and knockout reactions in Ref. [11] is explained in Ref. [28].

FIG. 1 (color online). The quenching factor F, versus target mass A. The (e,e’p) data in panel (a) are from Refs. [7,35]. The

1 @ ' ' 122503 (2013) PHYSICAL REVIEW LETTERS ke 3 band represents the mean +20 of the (e,¢’p) data to guide the eye. The data in panels (b), (c), (d) are from this analysis anc
08k _ lemental Material [26]. Solid symbols are from adding and removing reactions while the empty ones are from
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FIG. 27. (Color online) Spectroscopic factors (relative to the " E | | | 1 1
independent-particle-model value) for valence-hole levels determined o 041 T -30 -20 -10 0 10 20
from the fitted potentials. Results are shown for the Z = 20, 28 and s ‘ | | | L] S, - S, [MeV]
N =28 and the square and circular points represent neutrons and ” p . N " " N
protons, respectively. In (a), these are plotted versus the separation 2 A‘g (S °S )(Me\1l;) 2 » Aweak or no dependence of single-particle strength on the isospin asymmetry
P " =€ - . . . .
energy of the level, while in (b), they are plotted versus the difference P * In contrast to the observed trend from knockout reactions at intermediate energies
in proton and neutron separation energies. using composite targets
FIG. 4 (color online). Reduction factors R obtained with (a) a
WS OF and the SLy4 interaction [31), averaged over four s Comparable with the ab-initio Green's function and coupled cluster calculations
entrance and two exit p Is, and pared to shell-model .
calculations performed with the WBT interaction [37] in the as well as (e,e P) data

0p + 2hw valence space; (b) a microscopic (SCGF) form factor

PHYSICAL REVIEW C 83, 064605 (2011) [30]. The detail of error bars is given in text. L . Ata r, Pa n i n , Paschal is , Au ma n n ,

Asymmetry dependence of nucleon correlations in spherical nuclei extracted from a
dispersive-optical-model analysis

J.M. Mueller,’-" R. J. Charity,” R. Shane,! L. G. Sobotka,'? 8. J. Waldecker,' W. H. Dickhoff,! A. S. Crowell.? J. H. Esterline,® B e rt u I a n i et a I [ ] fo r th e R3 B co I I a b o rati o n

B. Fallin,’ C. R. Howell,” C. Westerfeldt,’ M. Youngs.* B. J. Crowe IIL’ and R. S. Pedroni®
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Investigation of the role of '°Li resonances in the halo structure of ''Li @Cmm
107 - 117 : . through the ""Li(p, d)1°Li transfer reaction
Li spectrum from " "Li fragmentation
A. Sanetullaev ™1 R. Kabnungo ak J.bTanakaE,bM. Alcorta®, fC Andreoiu dﬁ P. Bender?, ;
. . AA. Chen®, G. Christian®, B. Davids ", ]. Fallis”, ].P. Fortin®', N. Galinski”, A.T. Gallant",
G. Blanchon®, A. Bonaccorso **, D.M. Brink *, N. Vinh Mau ¢ PE. Garrett?, G. Hackman”, B. HadiniaZ, S. Ishimoto ", M. Keefe?, R. Kriicken ™/,
] Lighthall'b, E. McNeice €, D. Miller®, J. Purcell?, ].S. Randhawa?, T. RogerJ, A. Rojas?,
H. SavajolsJ, A. Shotter¥, I. Tanihata!, 1J. Thompson™, C. Unsworth?, P. Voss ¢,

Z. Wang >4
The resonance energy spectrum (Fig. 2b) of 1°Li is constructed
Table 3 in the missing mass technique using the measured energy and
. . ies . s _ _reso s 107 - - -
e e o ot e cnergies and widis of he pr and d-resonances i Lt and corresponding scattering angle of the deuterons. A very prominent resonance
e (MV) Iy Mev) o (D) « (MeV) peak is seen at E; =0.62 +0.04 MeV and full width I' =0.33 £+
f;m e 03 -172 -9 0.07 MeV is obtained from fitting the spectrum with a Voigt func-
1/2 ) : - - . . . . .
1ds) 155 0.18 -98 tion with an energy dependent Breit-Wigner function width [22].
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Fig. 2. n-"Li relative energy spectrum, for the reaction ULi4+2C - n+°Li+ X at 264 A MeV. Only the contributions E T (MCV}

from an s and p initial state with experimental spectroscopic factors [4] C2S = 0.31 and 0.45 respectively are included. - - -

The thin solid curve is the total calculated result. The thick solid curve is after convolution with the experimental res- FI h t I I ﬂ h I I ! !
olution function. The thin dashed curve is the calculation without the d-resonance while the thick dashed curve is the as I ps are s I as I p

same calculation after convolution. The symbols with error bars are the experimental points from [2]. Calculations are

emaedoneseH - Simon et al., NPA791, 267 (2007) (Uesaka san)
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(o= Siate-oi-the-art (recent progress)

Traditional methods New methods:

« Renewed interest in higly e Chiral interactions used for: ab
numerical DWBA and CDCC initio no-core shell model with
calculations of various aspects of continuum, and its applications to
breakup: A. Moro & Co., B.V. nucleon and deuterium scattering
Carlson et al., K.Ogata et al. on light nuclei: P. Navratil, S.

So far mainly d-induced reactions. SU?Q“O”" G. Hupin, J. Dohet-
raly

Resonant scattering and R-matrix: _ o _
P. Descouvemont, G. Rogachev, * Optical potential microscopic

A. Di Pietro et al. calculations from chiral
- - interaCtionS 06 Jun 2016 to 10 Jun 2016
Various eikonal approaches: best
recent results (p,pN): Bertu!anl- ECT* workshop @ sres iy emmseyaroi
Aumann for R3B collaboration. GregoryPotl Lwrence Lvermore NationalLaoraton) oci
Vittorio Soma (CEA Saclay) a
Semiclassical and few body Open questions:

(Hussein, Canto &Co), P. Capel  « Unbound nuclei via projectile
Reaction cross sections OK with fragmentation. SEMICLASSICAL OK,

eikonal approach (Ogawa): but numerical (DWBA-like still in
improved folding models for the progress)
optical potential (Furumoto opt e Tetraneutron organtzers |
pot) NP




e e NUGISI 8P ROL aﬂym@re what &:ey uged obe...
« R=1.4-15 (A 1/3+A1/3 )fm ....... _radius

* NN Optical potentials (imag. part) describing elastic scattering and/or reaction
cross sections must contain a surface term with very large diffusness 2-3fm.

* nN optical potentials (real part) must contain a term representing particle-
vibration couplings or surface oscillations/deformations, consistent with a

dispersive contribution DOM e2(r—R™)/a" “shape”
0V (r) = 16a VPRV
(1 + e(r—RE)/a )4

 Bound&continuum

* Energy dependence ? http://pdg.lbl.gov/2015/reviews/rpp2015-rev-cross-section-plots.pdf

50. Plots of cross sections and related quantities 11
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What next for 2017-20507?

 Understanding at a microscopic level the energy dependence
of nn and NN interactions, including optical potentials.

« Surface effects, clustering and unbound structures -
Will eventually nuclear physics become the study of

unbound nuclei via resonance definition, similarly to particle physics,
nuclear matter, neutron stars, plasma?

 Structure and reaction models will be unified via ab-initio methods
and full inclusion of continuum spectra.

«  Will improvements in numerical techniques allow to solve the
nuclear many body problem “exactly”?

and/or
will semiclassical and/or analytical methods survive.

oy
L ?




“If you have heart
you will certainly

have brain...”
(paraphrased from
Julian Fellowes)

Courtesy of R J Charity : Egret at dawn in Beachmere Australia
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J PHYSICAL REVIEW C 90, 064621 (2014)
Il l 1 1 I 1 I -
0 0 2 4 6 8! 10 12 14 16 0 First application of the n-’Be optical potential to the study of the ’Be continuum
5.8, 58, via the (1%0,!70) neutron-transfer reaction
Lx (Pﬂ E\I ) D. Carbone,l‘* M. Bondi,"2 A. Bonaccorso,’ C. Agodi,] F. sz[_)[:)uzzello,l'2 M. Cavallaro,' R. J. Charity,4

A. Cunsolo.! M. De Nanoli.? and A. Foti2?

FIG. 2. (Color online) Inclusive excitation energy spectrum of
the *Be('*0,'0)'"Be reaction at 84-MeV incident energy and 3° <
Biap < 10°. The background that comes from '>C and 'O impurities
has been subtracted. Peaks marked with an asterisk refer to the '"O
ejectile emitted in its first excited state at 0.87 MeV. Total 1 —n
breakup calculations that result from the use of the DOM and the
AB potentials (see text) [12] are shown as the green-continuous and
the violet-dashed lines, respectively. The experimental data [22] of
the °Be(n,nn)*Be [23] and *Be(n,a)®He [24] reactions are reported
as the red-dotted and blue-dotted-dashed lines, respectively. The
1n-(S,), 2n-(S,,), and a-(S,) separation energies are also indicated.
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FIG. 4. °C densities used in the calculated cross sections shown

in Fig. 2.
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TABLE II. Experimental reaction cross sections, second column, from Ref. [32]. Calculated total reaction cross sections with the double-
folded potential using VMC densities for both C and ?Be (third column); double-folded potential using HF densities for both °C and “Be
(fourth column); using the single-folded potential with HF density for °c (fifth column) and with the added surface potential (sixth column),
with the “bare” JLM and with the renormalized JLM for °C 4+ ?Be. The renormalization factor for the JLM potential and strength of the
additional surface potential for the single-folded potential are also given. For the case of asfrf,‘;d” we then give strong-absorption radius R, from
|SNN(R,)|2 = %, and R?‘ from the fit to the calculated |Syw |2 according to Eq. (10). In this case also the diffuseness-like parameter is given.

Last column: r; from Eq. (11) and R;.

Ejap Oexp Oitia  Odtea  Osol Oga 0w Ofim Nim Wsurt R; R a™ Fs

(MeV /nucleon) (mb) (mb) (mb) (mb) (mb) (mb) (mb) (MeV) (fm) (fm) (fm) (fm)
20 1267 1409 1078 1565 1338 1538 1.65 0.8 6.12 6.25 1.01 1.47
38 1086 1191 1112 1341 1250 1324 1.20 0.5 595 599 097 1.44
40.9 1216 £+ 57 1064 1166 1117 1291 1235 1215 0.95 0.4 595 599 098 1.44
43 1050 1148 1103 1275 1221 1260 1.10 0.4 595 599 099 1.44
43.6 1269 + 22 1046 1144 1106 1235 1219 1257 1.10 0.3 582 570 080 140
59 960 1042 1047 1124 1130 1111 0.95 0.2 570 564 082 1.36
61.1 1104 = 20 950 1030 1045 1122 1119 1119 1.00 0.2 568 563 083 1.36
66 928 1006 1028 1066 1091 1028 0.85 0.1 560 555 080 135
67.4 1074 + 32 923 999 1026 1056 1087 1087 1.00 0.08 560 553 080 135
68.3 1064 4+ 16 919 995 1024 1052 1082 1063 0.95 0.075 555 549 080 1.33
83 867 934 948 979 1015 987 0.93 0.015 540 538 0.78 1.29
84.9 981 &+ 15 861 928 979 983 1008 989 0.95 0.01 540 536 080 1.29
95 833 895 949 952 968 956 0.97 0.01 540 528 0.79 1.29

97.2 919 + 24 827 888 949 951 963 923 0.90 0.005 535 528 080 1.28
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