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What are rare nuclei?

The atomic nucleus is the heart of matter

Stable nuclei
E Common salt * Many body quantum system
g _ * Made up of nucleons : protons and
'g Crystal lattice neutronsina 1:1 ratio
}% * Well bound by the nuclear force
(9p]

Atomic nuclei

Unstable nuclei (rare, exotic...)
»
-% e protons and neutrons are not balanced
g:: * Weekly bound by the nuclear force
-g * They have short-lives
§ * Important to understad how matter

around us was formed
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What are rare nuclei?

Some particle accelerators can produce secondary beams of exotic nuclei

5 Shapes & Collective Phenomew b 05

New Decay Modes
rp-process

Superheavy Elements

50

r-process

Stellar Matter

2p-radioactivity

p-Halo-nuclei

@aﬁ'

New Forms of Matter

New Shell Structure

n- Halo—nuclel

&

Lo

Lola Cortina



How do we conduct our experiments ? R3B

--------

MATS
Yo bt LasPEC
Mass measurements
o HISPEC
DSPEC
SHE
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How we conduct a reaction experiment ? }{3]3

We identify the object of our study

m —
We interact with it

7

|
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How we conduct a reaction experiment ? R3B

We identify the object of our study.

Reaction

Detection

Full kinematics : We collect any kind of
fragments in which the vase has been

broken into
High resolution: The High efficiency: | have a Large acceptance: | sweep a sufficiently
fragments have well- broom and dustpan adapted large surface area to ensure that all
defined edges to the size of my fragments. fragments are collected.

|
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How we conduct a reaction experiment ? R3B

We identify the object of our study.

Reaction

Reconstruction

Higher the resolution, efficiency and acceptace better the reconstruction !
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Why relativistic projectiles ?

Reaction mechanisms

- Single particle states e oot &
- deeply bound/ unbound states e e poetle
- NN correlations ‘ ¥

- Fission

 Coulex

Heavy
target

- Collective excitations (GDR, Fission ...

—

» Charge exchange reactions
 Fragmentation

Strange
quark
S

. arge Jd@ ©Ou
» Subnucleonic degrees of freedom e N \° |

>

- Equation of state

N particle

- Nucleon resonances in nuclei
- Hypernuclei

/\ hypernucleus
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Why relativistic projectiles ?

Reaction mechanisms

Lola Cortina

Knockout - QFS

- Single particle states

- deeply bound/ unbound states
- NN correlations

- Fission

Coulex

- Collective excitations (GDR, Fission ...)

Charge exchange reactions
Fragmentation

- Equation of state

Subnucleonic degrees of freedom

- Nucleon resonances in nuclei
- Hypernuclei

Methodology

Complete kinematics
Missing mass
Invariant mass
Calorimetry

Gamma Spectroscopy

Experimental advantages

The target thickness can be increased.

The kinematics of the reaction
products is forward focussed

The geometrical acceptance of the
detectors is large

---b






R3B @ NUSTAR

For the production of radioactive

beams the main improvement
—> a factor 1000 in intensity
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R3B experiment

Reactions with Relativistic Radioactive Beams

@ United Kingdom

112V

detectors

Target + Si-

Trackin
Tracker + CALI &

detectors

© GSI/FAIR, Zeitrausch

iIs a modular and versatile setup for kinematically complete
measurements of reactions with high-energy Rl beams
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R3B in Cave C
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R3B in Cave C
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Broad Research Program

g
"
/
£y

Nuclear \‘

Structure &
dynamics

Ground- state properties

Nuclear ¢ .. i . .
Astro- j N\ Y M Single- particle structure

phyics
Collective phenomena
neutron-proton

Asymmetric
matter

Equation of State

Exotic baryonic matter
* n-rich hyper-nuclei

| /e
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A) Single particle structure: Shell evolution R3B

Our knowledge and understanding of the complex structure of the nuclei is based on what is

known as the Shell model : mean field + residual V()
: 2
i . - 5}5—3/2
The most striking fingerprint is the organisation of the __fadius —
energy single-particle nucleon levels, grouped into shells V=0 =" N |
that give origine to the magic numbers < ) 112 112
—> associated to extra-stability shellgap | g - 512
The nuclear interaction can be divided in several parts: :l?gj’zlga;’rqtzﬁ:le 12
- Central ' * 32
- Spin-orbit (SO) o
- Tensor 372 ‘@
<. 172
The imbalance ratio N /Z modifies the "weight” of these contributions —
-> magic numbers can change (8)
Study the Shell evolution with the isospin - @

> Use of knockout in QFS regime )
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A) Single particle structure: Shell evolution

Our knowledge and understanding of the complex structure of the nuclei is based on what is
known as the Shell model : mean field + residual

The most striking fingerprint is the organisation of the 0 -(a) ESPE — i _

energy single-particle nucleon levels, grouped into shells % 4 5___--"---... —— 14 E

that give origine to the magic numbers 2 2 I—\ “““*-...,__._‘ --= 14, ]

= associated to extra-stability % 0F o T E

5 - ]

&, f——f

The nuclear interaction can be divided in several parts: 4 3 T~

- Central o . . . . . ]

- Spin-orbit (SO) 12 14 16 18 A 20 22 24
- Tensor

The imbalance ratio N /Z modifies the "weight™ of these contributions
— magic numbers can change

Study the Shell evolution with the isospin

- Use of knockout in QFS regime

= = —
e
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A) Single particle structure: Shell evolution R3B

use the **0(p,2p)*N* ' Study of the tensor force inthe O, [ C)
QFS reaction _—
/ 4

" isotopic chain using QFS reactions
GLAD dipole magnet ‘ /
B i . : eutrons l-\/
2 A \ N N

» . \ ; To determine how the Z = 6 gap (first
\w'/tﬁﬁ: sroton spin-orbit splitting) evolves from
" ‘E’l NNE stabilityto_the dripline, 10 to 220
‘s». Scintillafing-fibe

RPC detectors

To bound @ @ To unbound o Q

heavy fragments/bear

N

ToF wall

Protong

CALIFA
calorimeter

= 10 100
3 | % 20(p. 2p)2IN* => 2IN + % L Fit results:
p 250 = = Fit results:
z 24F § 5 ¢ i Lé; : ﬁ% (p,2p) 4 5 L E.«(1) = 1.003(25) MeV
< L 2 120 =0.362(99) MeV
8 210 . 220@ E 200 {% ﬁ 120 r()
g — g of Ere(2) = 2.906(76) MeV
18 19 20 © ﬂ EV = 1168(6) keV 3 r(2) = 1.55(14) MeV
7 N§ N N 4 150 {{H o [ N(2)/N(1) ~1.3
16 17 f F o
6 ! C . C * 100/ H{H { ﬁ 60 : » ‘ ; *
5 138 § 1B § i Hﬁi t { " i +
425 26 27 28 £ . %ﬁf}:ﬂ%w# bt } o 3 L 1 i
’ } ) ' B B .0\%.#?% ?&"f%é“ﬁiQﬁf"q%o?"v%éw“w?eﬁ”w’.”w P2 o T e == i
% s 1 15 2 25 3 35 4 45 9 ! 2 2 % 8 s 7
ZvsA/Q E, [MeV]SI E,(20N+1n) [MeV]
for the 220 setting
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Study of the tensor force contribution in the O isotopic chain using QFS reactions

RB

To determine how the Z = 6 gap (first proton spin-orbit splitting) evolves from stability to the dripline, 160 to 220, we need

to identify 3/2- states in 2!N, over a wide excitation energy range, using the 220(p,2p)?!N* QFS reaction

150 220
Accurate SM calculations e, Adding of G neutrons 72 Tee.
= —E_]_ dsp,
A . . T{_]_
E*(MeV) o — eI
S, = 6.75 MeV S, = 2.16 MeV
(3)0.843Mev (7,7 e m - -
(2) n0py, w
S, = 4.59 MeV :
59 Me 20N ik
-
)
W Buced by 1.79(48) MeV §8
16 ~—
3/2- 1.160 MeV : ¥ neutrons to the 160 §
l nop;, —0-0-0-0— <
Y =
21N

Extend the study to other nuclei in the region

A. Barriere, N. Mozumdar, M. Feijoo et al.

S509 Spokesperson: O. Sorlin




B) Fission studies

* Interplay of microscopic and macroscopic effects: Dynamic evolution
of compound nucleus. Nuclear shells at extremes

* Nuclear fission is used in nuclear power plants to generate electricity .

Understanding fission can help improve the performance of nuclear
reactors. Knowing fission Z and A distributions is relevant to evaluate
heat after shutdown

* Nuclear fission is relevant to astrophysics. Acts as feedback
mechanism during the r-process : element abundancies

Nuclear fission can help us understand the stability of superheavy
elements
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B) Fission studies using Coulex

set-up at the fragment separator (FRS) set-up at R3B/Cave C experimental area H eavy p rOJect| |e
Triple MUSIC Twin MUSIC /\
. / o . win MUSIC >
fragmentation (AE, ©) Active (AE,®) \\_/
- target (Be) o Tﬂgﬁ_t___f—-—_ I
V] degrader (Al) . ———— L1l I
p})lmary S I L Eem—— b
eam 2
(from $1518) MWPC 0 C target Virtual Y
xy) Pb targets \(
MWPC 1 MWPXZ2 .
(x1,y1) (x2,52) “’{;‘; 1;(3:]3 Heavy
scintillator scintillator ' ToF wall target

flight pdath (beam)

~138m flight path (fission fragments\~ 8 m

Example 13°Pb

Selection of Coulomb excitation event (Z,,, =Z =82)

beam
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Fission studies using Coulex

Charge yield zoom around Hg isotopes

First mapping of this island of asymmetry

s b A AAA A A A A

Pb

TI

AWK OB RK A A

F e
F 3

A
PR
J

N=100

RB

Bridge between neutron-deficient systems from Ir up to

the well known actinide region

- Asymmetric fission is driven by light fragment with
prevalence of Z=36 (supported by MC and microscopic
calculations)

P. Morfouace et al. Accepted in Nature

S455 Spokesperson: J. Taieb



Fission studies using QFS

Towards the complete characterization of the fission process

Beam of Z*U

Neutrons
ml Combination of (p, 2p) and inverse kinematics
—~

Protons 140
(&,

* determination of the excitation energy
Fragments . . . . .
CALIFA 5 t of the fissioning system (missing mass spectroscopy)
X L 2
\‘\ AN
Yol—;

isotopic identification and TKE for the two fission fragments

Fission
Proton1 | L fragment 1
238 beam

R .  Fission barriers are important for the description of the r-
‘ v 3 ' = B : — process. They are expected to evolve with n-excess
% NGNS g = T - Proof of concept with stable nuclei
Target 7 iy N -
proton Proton 2 %7pa fissioning Fission

system fragment 2

First experimental test with 233U QFS (p,2p)
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Fission studies using QFS R3B

* Mass and charge identification of fission fragments
* Excitation energy reconstruction only posible with CALIFA
* Dependence of the charge and mass yield with the excitation energy

A clear transition from asymmetric to symmetric fission when decreasing the total mass (increasing the excitation energy).

— 70, 16 F _ R G '
§ b1 120 ArtA,=238 E*~8 MeV A+A=231 E*~33MeV =7 A +A,=229 E*~50 MeV
05)7 e, 14 100/ 400/
60— ;
o C [
© o %8 (p,2pXn)Pa " f
? E ’ 60 zuo;— ,
< 50 10 - ' 150- i
] 15 L E L
8 45N ! 8 20 1005 100
¢ M = | O |
c 40 %5 “a‘oll 35 40 45 EL' “"| " ‘ ..xll |I
= i ' ! 6 Fission Frag / s %0 % &ssianﬁragn?e?nt Chaasrges (BZoUnitsE)5 % s s 0. .45 50,55 8, .8
O 35 LI
o ) c — s
4 F _ . F 6001 = %
-8 30§ : ' . 50'3._A1+A2-227|| ) MeV ool A1+A2=223 E*~1 00 Mev E A1+A2 221 E 120 MeV
o ' o h t I E 500/
8 25 e ! 2 400} | 500/ F
1 1] - lll ll L] r r 7
m 2 O I 1 L1 ‘ 1 \I 11 ‘l\ 1 1 1 \I\ \lql\ I\l L1 ‘ I ‘ I ‘ | I E 400'_ 400;
% 25 30 35 40 45 50 55 60 65 7oMMg 300 E soof-
First Proton Polar Angle (degrees) - oo ok
[ 200] - r
Angular correlations between the ||HH| ‘ ‘ ”‘
. Lo | F ol L1,
protons from (p,2p) reactions BUw e s s s e - wll) R A T e s o S

First step towards the measurement of fission barriers for r- process (unstable) nuclei G. Garcia, A. Graia et al.
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Summary and Outlook

The combination of relativistic radioactive beams and a high acceptance, high efficiency and high resolution
device constitutes a

We are laying the groundwork for the development of a e using reactions induced by
exotic projectiles, which would contribute to gain knowledge in different facets of nuclear matter, dynamics and
interaction (i.e: single-particle properties, the role of correlations between nucleons, understanding of reaction
mechanisms...)

Very exciting period. Ready to recieve FAIR beams in 2028



Thanks for your attention !




