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ExoticNucleiand RadiactivdBBeams

A Introduction

A ExoticNuclei:

AProductionmodes
A Separation
Aldentification

A RadioactivdBBeams
A References

dThewhy andhow of RadioactivedbeamResearch ~  dlbiyBE]

G Lflight separationof projectilefragmentg =  SMlodseyrnd BradSherril
dsotopeseparationon line andpost-acceleratio ~  t BRppen: Y

http:// www.euroschoolonexoticbeams.b&te/ pageslecture notes
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OpenQuestionsin
NuclearPhysics

/g, How does the N
complexity of nuclear
structure arise from
the interaction

Qaetween nucleons?

Howandwherein the
Universearethe
chemicalelements
produced

[V Ai& i!’ "?"

Observables

Basic ground state properties:  a+ar NuclearPhysms_ongRange S e L
YIFaaz NI} RAdzAZ Y2, Yapyua Wz > LA i
Haltlife y decay process New LRPeleasedNov 2024 S
Transition probabilities https:// www.nupecc.orgrp2024
Cross sections /Documentgnupecc_Irp2024.pdf B

ECC Long Range Plon 2024

The NuP ear Physi

for Europ®e
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Evolution of the Table of

Isotopes e
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I Existing on earth
[ B decay
[ B*decay
[] Proton emission
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Production

hediscoveryof a newelementisotope
dependsof manyfactors

A Productionmethod: variousmechanisnof
nuclearreactions

A Efficentseparationand transportation

A Detectionmethod
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Yield Requirements

Rate Access
~1/week Existence BIEMATE MAYyS M/
l Z <40 GANIL, GSI, RIKEN, N
~10/day |dentification
~100/day Mass = Z+N
\/ b-decay gives
—Umin ! first information of a
b (T2, Pxn) new isotope.
1/sec b-g b-n, b-p VWheq the_ |
production is high
Y detailed structure
100/ information can be
sSecC

b-gg b-n-g b-p-g achieved.

104/sec




ExoticNuclel

Situatedfar from the valleyof Stability
Verydifferent N/Z compare to the stable one
Close to thedrip lines: B, =0,B, =0
at the frontier of discovery

Total= 3352 at Dec 2023

proton drip-line?

rp-process

B stable nuclei

W ¢ p*-decay

[ B--decay
a-decay

Il p-decay

| fission

r-process?
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Why StudyExoticNuclel?

dE;(gplrce);egf frdelzzroerzgf the Stringenttest of TheoreticaModels
systemin Observatiomnof new decaymodes
isospin T, < Measuremenbf astrophysicainterest
In excitationenergy E,,

spin, J, Halostructure

leveldensity, r Evolutionof shellstructure

|
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L
it
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9712 et
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5/ emmm— 52

J— 99/2
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normal large N/Z
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Physicsnterest?

Correlations Pairs
influenceof collectivemodes(GiantResonancgs

Inflenceof halo or skinof neutrons

Extensiorof rare phenomenain the spaceof Z, N, J, Esuperdeformation

Studyof: Doublemagicnuclei
Semimagicnuclei
Regionof shapetranstions
Nucleiwith N~Z
Nucleiwith N >> Z, halmuclei
Nucleivery deformed
Nucleiof astrophysicalnterest
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10
To explore a newhenomenommanydifferent approachesare needed

GSI Elastic
Reacciones a Scattering ISOLDE
E=700 MeV/u Spins Desintegracion

Reaction ’
Cross Sectiorn

™~

Beta
— GANIL DIEEEy]
omentum Reacciones a, E30

Distributions 60 MeV/u

i
L

@HSE

=

suw

Unbound
Nuclei
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RadiactivaBBeams PossibleResearcibbomains

masses
de meVa 100keV radius,shapes& moments
decayproperties

E<1Meviu —— astrophysics

~-

Drip line phenomena
Structure and excitation modes
Transfer angspectroscopidactors
Heavy & Supeheavynuclei

delalOMeViu <

-

E <100 Meviu —— NuclearMatter
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ProductionMethods

high energy  many products

Beam A targetA products >> thermal energy
Z§
. #.*- beam
. . —_— . fragmentation v, 4.4 = Vieam up to 1000
o . 24 et target
® + . ——p . spallation few MeV/u up to 1000 |
—-.-N
Z§
larget
,_...--"’. o 17 ol
o+ . —y fission 1 MeV/u few 100 -

fusion- E.-_"» E 2
®+ . . evaporation " my, +m, P fow(=20)
heavyion
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Production

_ , efficiency
N prod. =s f Ntarget e

/ \ ™ N oftarget nuclei/cm?

_ _ ~1-100 g/cn?
Incomingparticules/s

Cross Section ~ 16 -10'2/s

fusion ¢ evaporation @ GSP*Cr(4,7MeV/u) +*9°BiA 263107°X
12C +%Fe oul®O +°8h A nu¥leiN~Zat Tandemenergies
spallation p + La or U ou TH or W 115135Cs, rates of 1 a 10at/s

transfer, 1 orseveralnucleons pickdzLJE & 0 NJ& LJLJA y 3 X
inélastic’®Ge (9 MeV/u) + Ta ou \K 62Mn, "+73Cu

fragmentation oftarget or projectile pdripline Z<30 @ GANIL
N-rich A~65 GSI , A~45 GANIL

fission thermal 23°U, 23%Pu @ Grenoblé&Fe,’7*Ni, "°Cu,%869%Co
relativistic 2%°U (750 MeV/u) + P#, 50 products
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60

= Total
— Fusion
50 1~ — Light particles
- Low-energy fission
401 — Stable spectroscopy
© Neutron reactions
g - =+ Projectile fragmentation
»w 304 - Photo-nuclear reactions
_-8 ----- Radioactive decay
O -~ = Spallation
S 20 - =
b
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Energies o

Productionof RadioactivdBeams Outcoming

beam
Z
PROJECTILE FRAGMENTATION g " FAIR 1 GeV
: N
‘, Fragment ¢ Voroduct = Vbeam
Thin production . GSI 400MeV /u
target Radioactive ion beam ngh ene_rgy,
x & Iarge_ variety of
. + . —~e species,
- B Short halfli
heavy ion ® ort halflives (rs),
cocktail beam GANIL B 50MeV/u
SPIRAL B 14MeV/u
I SO L Transfer tube. 107 Source Z4 & larget
o Isotope / isob 4
: Predncm)n : separator
accelerator -N
e Thick, hot targe s HIE 10MeV /u
Production beam s 5% L4 target ISOLDE
‘Postaccelerntor o "
°+ ’ i». spallation % G N
p iR : 2 SR

Variable energy,
high intensity,
good beam qualities

@ ISOLDE §0.06 MeV
o+ ‘ <: fission

p/n g

' Radioactive ion beam
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Production Methods

meV-100MeVu
Goodbeam
Frommsto s

HighTemp _)Ion _)Mass
ThickTarget source| | Separator

Light &Heavylons

Spallation ,"
Fusion {
Fission /
Fragmentation {
—— ! Experiments
Rg\allitrorcce erator GasCell Detectors
,1 Spectrometer
Heavylons ,"
Fusion I
Fragmentation ' GeV
ThinTarget g;asar:\:tgtr FSQ?r)lrgage II\E/Iicroseg
v Slowdown
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Separation at High Energy (See Talk by Tere

magnetic dipole electric dipole

Partwith samechargé massandv C samerigidity .

velocity filter
Wien filter, E-cross-B filter

charged partides with velocity v:E are not deflected

dE 722 AZ

stopping powel = x—
pping p rs P -

NeedWienvel-Filterto separatein velocity

— straggling (spread) in energy and angle

lEM
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Fragment SeparatorFRS

AlZseparation Momentum Separation
Dipole DP Degrader D
ipole
-3 | DP2

AN
0

7z

|

N

N N o
=0 P
B /o
Quadrupoles YL = 2 ’
/’ L = g :
¥
Primary Target darv Tarvet :
Beam Av Av Av R?m&?éon T e 34
DP1 P“Q_B=>BP°‘6=7 primarybeam 128
1012C 108 [
/4 3 5 - .
Degrader AL Degrader+ DP2 i Reduction10® C Time of Flight
Z° 10
2 {Bp)z Energyloss o« Z°
= —_ V, =V -
2 1 2 1 d A
Z+N (_BF'J, T, (Target- detector)= Y o b

A =2\Y/
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In flight method

Higher energy

— —~

Targets Reaction products

Inthe orderof 1 -4 g/lcm {1 | Kinematically forward focused
extended detection scheme Full- acceptance measurements
& better resolution with moderate sized detectors

N\ e

Possible study more exotic nuclei
efficient down to 1 ion/s, short lived

CcCsIC Maria J.G2 Borge, Production of Exotic Nuclei m




Projectile Fragmentation

_ 2, @
|ﬂ|:||ght M@lm a— @ =3
Projectile Target Fragment
N 30
o~ A P n PN E . . Nucleon-nucleon collisions, abrasion, ablation
5538t 2L Ay OE&udidnd S 2310 Q- —
%26-.
& Projectile Fission
24"% a8 50 52 54 \
Neutron Number N ‘- S0 .
n— Selection . .
Projectile ! Target Fis;ion
HEAVY |ON Thln \ Fragments
ACCELERATOR targ et | ZE Electromagnetic excitation, fission in flight
Bevalac Degrader ! AR o =5 <V, + Vigen
Phys.Revlett. 43, 1859 (1979). .
ys.RevLett.43, 1859 ( ) Magnetlc '
Separator /.I H
— | iﬁ
First and Second Selection ;
2 YT
: i 3 523- [] ™Ni Detector
Particle stability of 15 § 26} Electronics
earlier unobserved nuclides | DAQ
46 48 50 52 54

24
from 22N Mrl el 4%;'Borga,aIUPAP WG.

9 NucIm@@emSymposmm’[QﬁUm 6?&%«9@0&6&@'

lEM



Different Spectrometer

SpectrometerLISE @ GANIL

12
N
1=t dispersive plane 2nd focal point final focal point .
target 2nd dispersive plane 0l Ar + Ta GANIL
15t focal point ' 2Ne
10 + .
:' “F .mF

9| W«
8 ‘: (

AE, E, t

¥ : - H. ] .
L position sensitive PPAC 6 |- *
beam pulse Bp TOF ’B
ey st -iu. "-'1
]

1 = 5D "o
| N
Si detector telescope 7 M .

SpectrometerA1900 @ MSU | T T ]

5m 10m

3.1 32 33 34 35 36 37

38 39
A/Z

Talk of TKurtukian

production
target
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DESIR 2
Low energy beams from /// \\
SPIRAL and SPIRAL2 //7// %/
Connected to S3 /
In construction U/
Operative 2026-27

4
4

(high intensity d and stable beams



Y. Yano, NIM B261 (2007) 1009.

RIKEN RI Beam Factory (RIBF) |

RILAC
L RIKEN Heavy-ion LINAC Ry _
3 injectors (1980 / 16MV) ‘ |
AVF ,. i —
4 booster ring cyclotrons

(1989 / K70)
S T

“ZIRRC [ -
RIKEN Ring Cyclotron | /# » |
(1986 / K540) % 5:; T v
y New Facility 2006-
; memo

/ JZ’

/S

RILAC2
(2011 /4.8 MV)

Old Facility 1986- #

//?7/-'

fRC
fixed-freq. Ring Cyclotron

(2006 / K570 => K700)

SRC

Superconducting Ring Cyclotron
(2006 / K2600)

IRC

Intermediate-stage Ring Cyclotron
(2006 / K980)




Steady increase of Beam Current @ RIKEN (Je

RIBF accelerator performance #Ca: 738 prA
e 1000 0 => 12.3 kW
g e " I ascag @ : B 4
40 — i with d fw ~
Mg (N=28) is — LT o 78Kr: 486 pnA
largely deformed. . ‘ 100 e e e N => 13.1 kW
.. ® o _— r-.'._. o
The originisa ¢ i e @ 0 1™ v )
i ./.;/ E’$8U RRC Xe: 173 pnA
mystery. 10 | cavity => 7.4 kW
Graphite sheet
Notheoycan i} A
P < 1 e | He.gas =>5.9kW |
T RILAC2 @ Stlripper &
fRC upgrade
0.1 28GHz-ECRIS
Quest for heavier supeheavies (Z=113) ./
Success in producing and accelerating 0.01
- Cleared the Year Availability > 90 % :
Wayfor 79 OA) in 2018...
producing
element 119¢ . _
(2019 ’8Ni (N=50) revealed as a doubly magic

73 new isotopes discovered at

stronghold against nuclear deformation. 8
wLY9bQa wL . S|

Taniuchi et al., Nature 569, 53 (2019)

e O
“Ca
“Ca
“”
| il e
i !
| Bl
8 -
1 2 <8
» 28

4
&
0

o

126 50

: ’ i e oy -
‘-'/».h‘; 2 &
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Facility for Rare Isotope Beams, FRIB

= Supported by DOE Office of Science
= 200 MeV/u 400 kW LINAC
= Start of experimental program in 2022

Experiments with fast, stopped,
and reaccelerated beams

* Equipment
» Fast
 Stopped
* Reaccelerated

el Rare isotope @ U
production arcaand | B 1
isotope harvesting

a‘ Facility for Rare Isotope Beams
U.S. Department of Energy Office of Science
d Michigan State University
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Physics Program

A Propertiesof atomicnuclei

A Developa predictivemodelof nucleiandtheir interactions
A Many-body quantumproblen intellectualoverlapto mesoscopicscience qual

dots, atomicclusters etc.

A AstrophysicsWhat happensinsidestars?

AOrigin of the elements in the
COSMOS

AExplosive environments:
novae, supernovae, X-ray
bursts é

AProperties of neutron stars

A
60 |-

104,105g i

98-09,113-122,126-127 131133 RS = =

95 EIDEJIT,'\ZI—‘?HAQ i N
91-92,104-112,116-122Rp

Proton Number
3
|

N
o
]

B Experiments at CCF
Produced at CCF

wor ) v

31 " = ]
264 i
' [ests of | f natur i o
n i 10,2038 4
@ o eS S O aWS O a. u e 17_23[;3‘?3'?; L] -. -32.34Ng (observed previously)
12:2 T 13240 [J Primary Beams
8,10-15 ! =918200
= 102,148

Status April 2018

' AEffects of symmetry violations | "

are amplified in certain nuclei 0 20 40 60 80
Neutron Number

Societal applications and benefits

AMedicine, energy, material
sciences, national security
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s T —

SIS 100

SIS18 SIS100
Energy 200 MeV/u 1.5 GeV/u
lons per cycle 1.5 x 10" 5x 10
Repetition rate 2.7 Hz 0.3 Hz

Gain factors (compared with GSI):
100-1000 x intensity

-

10 x energy
antiproton beams

system cooler storage rings

o

CBM/HADES

- NuSTAR Talk by

Olof Tengblad

v" Nuclear Structure and Astrophysics: NUSTAR
- R3B, HISPEC/DESPEC, EXL/ELISe, MATS
- 11 Spanish research groups Involved

" Exotic Nuclei




Isotope production

Nuclei chart @ ISOLDE

b

fission

On : B_= 4MeV
: 0.0 4op” -
Z

143 rpiprocess
Cs
50

r-process

-

Exotic ion production

B.= 0
W sta }e nuclides
Gaps ] ;i 'iddecdaeycay
H H O a - decay o
Long chain of isotopes 8 oz s
T eCsiIc Maria J.G? Borge, Production of Exotic Nuclei I E M




I S O L D Etope Separation Ohine

We need pure beams, free from

isobaric contamination: target - ion source

Low energy beam
Point like sources

proton beam
\ (1 GeV)
Energyl.4 GeVA 2 GeV)

analysing magnet Pulse frequencyl.2s

Intensity:3.2x103 protons
per pulse

| (average)2 mA
radioactive ion beams

T eCsiIc Maria J.G? Borge, Production of Exotic Nuclei




Target dlon-source matrix: a chemical laboratory

RIB intensity  Proton beam

[s! pA1] Intensﬂy Avogad ro

w A

Cross section Target Atomlc Mass
[em?] density [q]
[g cm3]

[= ja(Ejmi:D(E N GEEIN/A dX £y oy
lonization
Efficiency

]
Use in 2011 @ ISOLDE

YEG.:I 5{!'."&__
Ti 2%

Ta 7%

SiC 2%
Ir/Ta/W 1%
HFD 1%
Pb 3%

Ca0 6%
|

Maria J.G2 Borge, Production of Exotic Nuclei

Diffusion+
Ef'fu5|on

ﬁ;ontainer: 20x 2 cmcylinder of Ta

A/Iaterial:

Aiquid La, Pb, Sn
MVetal foil /powder Nb, Ti,
JfOxides CaO, MgO
JCarbides SiC, UC, ThC
Pon-source
[Surface
[lasma
Aaser
JKluorination CF4 or SF6

lEM



ISOLDE Targets

A Main challenge: extracting the @ 10'2
nuclei produced in the reaction from the

10%3nuclei in the target

A Targets:
UCxSIC Ta,LaCxCaQZrQX @

A The diffusion into the ion source is
controlled by the target and transfer line

temperature

\ Ga ion beam
1.2 . ;
" ---simulation Lo .
§ 08 — experiment Ingizing canly
o)
~ 0.4
0.0

00 10 20
Time (s)

Sn

--- simulation
— experiment

0 10 20 30 40 50 Ct’

B
S c Time (s)
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ISOLDIMain potential

ADiffusion
AEffusion 700isotopes shape co-
AProduction ~75elements existence

3 types of ion
sourceg, select pure
beams

-‘: ..__,.- octupoles

1 shell
I'_' Tl structure

A !
2 Shell at/uC)
O
° SUUCIUTCRM 1 A Over20 target materials
a lg% (carbides, oxides, solid
e 1E4 metals, molten metals
- Jight 1E5 and molten salts) and
D | 1E6 ionizers, depending on
1E7 beam of interest operated
neutrons’ Eg at high temperature
T eCsiIc Maria J.G? Borge, Production of Exotic Nuclei I E I“.‘;’l




Surface& plasmaionization

HCSIC

Surface lonization

jonization
energy
< 5-6 eV
ground state

work function

conduction band
mmi

EnEnm
Fermi energy
ground state

lonization by
electron impact

—a Ty z_-!;/.
® g - y

fast \.,\ . s/ [. . ..I _Il .\
electrons ./ No—"/
atom ion

continuum _ . b

I
ionization

energy
<

electron
impact
energy

g s‘tatta1

TARGET
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| aser lonization source

A LASER RILISResonance lonization Laser lon Source)
A Used at ISOLDE since 1994
A Based on the selective ionization of a single
atomic species
A 1t has allow for isomeric separation

Laser lonization

1 ®
A —_—
! I _|_
R N 3 —— .
-— -
Laser System laser
beams
atom ion

Target lon Source Unit

—

S—— ionization \\ excited states
lonizer S ~
cavity S energy 4
Target <9-10 eV S/
| r
‘
- someV 4 ground state' oy
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Separation @ ISOL

RecoilEnergy(fast)

Theproducedions mustleavethe target:
Diffusion(sl
usion(slow) Target+ lon
Separationof primary beam: Fragmentation in dhick target: ISOLDE s

<l Af\\
B
-idd

— tape station
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Mass separators @ ISOLDE

A The radioactive ions are N e Targets B4

accelerated at 2@ 60 kV and sent
to the separating magnets.

A GPS (General Purpose)
A Magnetic dipole +
electrostatic switchyard
A Can separate simultaneously 3

masses
AYkkY T wmnnn oF
10
A HRS (High Resolution) e}
A 2 Magnetic dipoles 20l
A Separation power 5 el
A YKkY T pnnn Rl i
106 77
o S
0" 2 205 206 =

T eCsiIc Maria J.G2 Borge, Productiol. v. —.cuw « vavicn Mass



Selection @ ISOL Y

Rohots
GPS Target
= @ pparator
F
GLM GHM ontrol Room
NI
. LAl
455 s o <~ 1
. b“; COLLAPS
Very Efficient
separationand
production of the

Nucleusof interest

duction of Exotic Nuclei




