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Studies of exotic nuclel

= All the aspects of nuclear interactions in the
nuclear structure are amplified at the
d rl pl | neS A. Bonaccorso

= New structure and new phenomena
— Neutron halos,
— Neutron skins
— Covalent bond molecular states
— Soft mode of collective motion
— Change of magic numbers

= New development of nuclear models
— Green function montecarlo
— Anti-symmetrised molecular dynamics
— No-core shell model

— Cluster montecarlo
— Realativiectic meaan fiald



Reduction of spin-orbit potential

protons neutrons Vs.o. & 1 5V4(7)
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FE's 7 reduced energy spacings between
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The Properties of Nuclei with Extreme N/Z-Ratios

Single-particle (or shell) structure is the basis of many nuclear properties such
as (sub)magic number, deformation, and even the existence of the nucleus.

Weakening of the spin-orbit force
due to the diffuse nuclear surface?

DDRH Field Calculations by F.Hofmann,
C.M.Keil, H.Lenske, Phys.Rev.C64(01)034314.

Pfeiffer et al., Z. Phys. A357 (1997) 235
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The Properties of Nuclei with Extreme N/Z-Ratios
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“Single particle” orbitals are dressed even in semi-magic nuclei

The single-particle levels in exotic nuclei
can be affected by

Loose binding Woods-Saxon potential
Neutron skin Mean-Field models

Nucleon-Nucleon interaction, particularly,
spin-isospin interactions such as tensor
and 2-body LS interactions

(also in nuclei not very close to drip lines)

Shell Evolution
‘ (change of single-particle levels)

T. Otsuka et al. Phys. Rev. Lett. 87, 082502 (2001)



taken from GXPF1 interaction T ensor m OnOPOle

Proton Single Particle Levels

——————

proton neutron

‘ Low-lying 27 levels in Ni,
M. Sawicka et al.,
Phys. Rev. C68, 044304 (03)

Neutron Number

T. Otsuka et al. PRL 95, 232502 (2005)




Deep inelastic reactions

- a tool for nuclear spectroscopy

4N +208Ph E,..m=350 MeV
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Optical elements

/

. Quadrupole: a singlet, focuses
vertically the ions towards the
dispersion plane

. Dipole: bends horizontally the
lons with respect to their magnetic
rigidity (Br)




PRISMA detectors

. Entrance Position
position X, -y, time

. Focal Plane Position
position X; - y;, time

. lonization Chambers
energy loss, total energy

Physical Event:
(Xss Yss X5, Y5 TOF, AE, E)




PRISMA: Large acceptance tracking 4
Magnetic Spectrometer Q-D

Q2 =80 msr

AZIZ ~ 1/60 (Measured)

AA/A =~ 1/190 (Measured) TOF

Energy acceptance £20%
Bp=1.2T.m
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Systematic variation of proton effective single-particle
energies due to the tensor interaction

T. Otsuka et al. PRL95, 232502 (2005)

taken from GXPF1 interaction
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The N=51 isotones

Monopole shift of the single particle levels

Downward shift of the vg,,, in proton rich N=51 isotones as
ndg, IS filled

Neutron Single Particle Levels

Repulsion e

iz V871 s N=51 ey

992"

\
92
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N

+

Proton Number

83Ge 85Se 87Kr 89Sr °1Zr 93Mo °Ru %7Pd

—
Large N/Z T. Otsuka et al. PRL 95, 232502 (2005)



The N=51 isotones

Monopole shift of the single particle levels

Downward shift of the vg,,, in proton rich N=51 isotones as
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Differential RDDS with CLARA =B RISMA

Degrader: Mg 2mg/cm? 150,50um

eeeeeeee

=

After Degrader
AAIA =1/130

Average
v/c after
reaction
8.8% and
after
degrader
7.1%

Product
Energies
~4MeV.A



Results for 150um Target-Degrader Distance

2" at 824 keV  T,,,= 8.2(15) ps known value
30 - 8.0(15) ps
60 After Degrader
o 20 Fe Av.vic =7.1%
= Before Degrader
S 0 N=34 Ay vic=88% B(E2)=0.018
_ e2b2 (13 W.u.)
0740 760 780 800 820 840 860 230 P ’ .
Enarnyv (kal\ Slgn Of |Onger
2* at 877 keV  T,,,=9.5(20) ps lifetime in ®2Fe
o 20 — 62Fe { After Degrader
= i = Before Degrader Av.vic=71%
S 10 - N=36 Av. vlc=8g.'8% B(E2)~O'O1 2
et LU e*b* BW.u)
) @

800 820 840 860 880 900 920
Energy (keV)



Grazing reactions

N-rich heavy projectiles allow to use transfer reactions as a AN-4Z
filter for driving the multi-nucleon transfer flux to exotic regions

80Zn o=2ub

1000

100
oH**Zn

-4p, +2n
/

A -
0.1 - -
0.01 - a3
0.001 '%31

0.0001

1000
100 |{ oo N
10

1

0.1
0.0
0.001
0.0001

B0 64 68 12 76 80 84 88
Mass number

xction [mb]

1000
100
10

0.1
0.01
0.001
0.0001

1000
100
10

0.1
0.01
0.001
0.0001

ELS

Br7l Br72 Br73 Bri4 Bris | 76 | Br77
a4y THAS 07 m .
a,

dm %4m
EC IREN my

*
[EC [ L8 ec EC L
SeTh SeTl SeTl SeT3 578
im | 4mm | Baou 7150 [ 110.7704
3252 23 LE2 o Een
s L s s

As6d AsTO AsTI AsTR AsT3
152m 2.6m h 260 h 3 d

B &3 Bra4 B1 15
240n Jsim [ 19 m
- - 3 -

SeTh e84 Se8l 8 SeR3 S
LLIEG Y 1H45m W E+20 223m Alm
. v (]

AsTT AsTE AxT9 AsB s 31 As82 LYRE]
wE a7 m anlm 1525 o1

A
528 # n 02 13 .
s 4% 51 2 an. - S an 1+ E] a9 | - 1
s s L2 e - i I (£ P T ([ [
Gel | Gedd 2Tl GeTl GeTs f GeTT | GeT8 | Cor® | G | GeBl | G2
g | wasn 143 d sLmm 1ok [ som ) oiwms | 20s s 4 ix
LTS 12 12 o T+ (3 - ' (924)
* * * = i
£ e 3 B (i3 8 L8 |
Gat7 | Gabs GaTl | GaTd | GaT4 GaT7 | GaT8 | 79 | Gash Y G il
aza12a | anaze 1410 4Een | 812m 3w 132 sms | 287 | lsers 41275
- 1+ . A az ) +.3 ) [EES) 3+) 2 (L] N\
(. 12 3 I3 I3 I I3 (Eil} i fin
Gl 69 n #nTl #nTl In73 nT6 In77T | Za 78 9 FaB0
sadm 2a5m | 46w s .25 375 L s Tts S | asisy
13- 0 10 [ it P+
g
- s - i - [ i n i
Cubb 7 Cufd [ Cu uTl Cu7l Cul2 74 CuTs Cal6 | O1 Cu78 Cu79
] algin | 3L 185 FEDS 1055 [T % v | 1mas | oedds | 4@ Mins | 18EWE
1 1 3. an | an (14 .
. . . i - . -
EN'Iﬂ- N1 | %‘
186% 1% H Lis
o+ [ [
- . .

2Ge 0=0.6mb

//-2p,+2n




Neutron rich RIBs: a tool for very neutron rich nuclei

206

“Xe +°°°Pb (E, 4z = 8.26 MeV/n)

Z=79 -

200 210 220 230 240 210 220 230 210 220 230
A A A A

Coupled channel calculations
(Grazing). G. Pollarolo

Future perspective: beams of heavy ions or
neutron-rich radioactive beams



A new superfluid phase of nuclear matter
based on p-n pairing is expected at N=7

s4 »=() S=(

(a) |
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Energy Differences in Isobaric Multiplets

Exchange

)

Neutrons for protons

Study the energy displacement
of excited states (MED)

> Nucleon alignment at the backbending
» Evolution of the radii along a rot. band
» Isospin hon-conserving terms

» Further Coulomb effects
>

> Isospin mixing

» Coupling to GR

» Induced IS terms

» Coupling to the continuum

Neutron
number




E nelfyciffdéfiiexenive ks bbbrod Midt\Mdtiplets
T=1 Isobaric Triplets
50 50 50
26 Fez4 2sMN o5 24T 26

Study the energy displacement
of excited states (TED)

TED,“” = E,(T, =1) + E,(T, = —1) = 2E (T, = 0)

> Nucleon alignment at the backbending
» Evolution of the radii along a rot. band
» Isospin hon-conserving terms

» Further Coulomb effects

>

» Isospin mixing

» Coupling to GR

» Induced IS terms

> Coupling to the continuum

s [4a |+2Ca

26 27 28 —N
Neutron
number

N=Z Line




Energy Differences in Isobaric Multiplets

80

i
o

Differences — Coulomb effects

T=1 mirror
pairs

Multipole effects dominate:

MED (keV)

@
S

Angular-momentum
coupling of pairs of protons

« Changes in alignment —
changes in spatial correlation

=

T=1 triplets

100 keV “alignment” effect
typical

TED (keV)

P.E.Garrett et al. Phys Rev Lett 87(2001)132502
S.M.Lenzi et al. Phys. Rev. Lett. 87(2001)122501
C.D.O’Leary et al. Phys. Lett. B 525(2002)49



Isospin Mixing in Mirror Pairs

In the Validity of 1 Charge invariance of the nuclear interaction

isospin symmetry 2) Long-wavelength approximation

B(E1) strengths are identical in T=1/2 mirror pairs

. 6088 13/2~
5384 11/2) 382 5407 11/2”

) 1059
‘ 8 Yo 4348 [orz- I

/ 2244
1185

1756 1702\ 3163 §70-

. 1 : I ]
593 %ps03 (7/2%) 2646 7/2+ | 518 |

1400
883

‘ 1?635;‘2+ /

J. Ekman et al. PRL 92, 132502 (2004)

via the IVGMR
provides an induced isoscalar
component

In mirror AT=0 transitions

* [sovector terms have opposite sign
* [soscalar terms have equal sign



Further Coulomb etffects: the e.m. spin-orbit

results from the
of the nucleons in the nuclear electric field due to their
intrinsic magnetic moments and to the experienced
by a proton because of its charge.

6 088 13/2~

[t 1s important when a nucleon

. & 1S prf)moted from a j=I-s level
T o oL to a j=I+s level. The effect on
o YO e a proton is opposite to the

1162

stk | 1756 o . effect on a neutron orbit
% eos ) 2mse 72 [N It is proportional to the

852
; 5;2—1-
3197 1751

5766 13/20=

1446

2603
1751

o032t

oA lectromagnatic spin orbit term

J. Ekman et al. PRL 92, 132502 (2004)



Single-particle shifts: Electromagnetic S-O effect

Electromagnetic spin-orbit effect is configuration dependent.

WSJX = (gs — gl) 82 2 <l e (r)><f€>

Nolen & Schiffer, Ann.
Rev. Nuc. Sci, 1969

2my~c” \T dr

« Acts in opposite directions for protons and neutrons

: ” Jo=1+s Jo=1ts
It is sensitive —_ _
to the proton | 1
and neutron —
content of the Ji=1-s o j;=1,-s

neutrons protons

wave-function

J7=13/2- requires
“pure” sp excitation
from d,, to f,,, (proton
(dj),)3 : in Ar, neutron in Cl)

CED (keV)

35Ar/35CI Mirrors !

J.Ekman et al PRL 92(2004)132502



CEININEREVS

Charged particles

Large L value j,=/,+s

MED (9/2%) = - 57 keV
‘ from the gg4, to the f;/,

neutrons

hles

G. de Angelis et al., Proceedings of ENAM 2001




Single-particle shifts: Electromagnetic S-O effect

Assuming: Uniformly charged sphere, non-diffuse surface....
1dVe(r)

— e
VVS% _(gs' Ql)ﬁ

my C

<

r

Jr ><I .s>

M. Bemtley, FINUSTAR 05

A J T lower higher ‘theo’”(keV)
31 9/2,1/2 S1/2 f2/ -117
31 13/2,1/2 Sq/2 f20 -117
35 13/2,1/2 ds), f20 -233
39 13/2,1/2 ds) f2/ -233
47 3/2,1/2 ds) f2/ 232
48 1,1 d;; fr 232
48 4,1 (o 9 . 232
61 5/2,1/2 P32 fs/o 194




Single-particle shifts: Electromagnetic S-O effect

Assuming: Uniformly charged sphere, non-diffuse surface....

N _ e /1dVu(r)
=5 )%, 1940
M. Bemtley, FINUSTAR 05
A J T lower higher ‘theo’”(keV)
31 9/2,1/2 S1/2 710 -117
31 13/2,1/2 S1/2 210 -117
35 13/2,1/2 dso 710 -233
39 13/2,1/2 ds 710 -233
47 3/2,1/2 ds 710 232
48 1,1 ds/ 2/ 232
61 5/2,1/2 P3/2 52 (‘ﬁ
TR




Simultaneous occupation of the same orbital by protons and neutrons

P+QQ Hamiltonian + T=0 monopole field

M. Hasegawa et al. / Physics Letters B 617 (2005) 150-156

Expectation values of proton and neutron numbers in the four orbitals, calculated for those low-lying states in 67 As. Calculated spectroscopic
¢-moments (in ¢ fm?) are also tabulated

ey
[
0

(3%
o>
.J:.. o

(=] (=) (] (=) [ (=) (%) (=] 2

(SR SR S I S L I e )

n™ =0.73 M. Hasegawa et al., PLB 617 150 (2005)

Admixture of °°Ge * ng,, and ®°As * vg,, Unique property of N=Z7

Using the calculated wave function



:> Nuclear structure at the limits: High spin behaviour

Spontaneous formation of
chirality In rotating nuclei ?

What is Chirality?

“I call any geometrical figure,
or group of points, chiral, and
say it has chirality, if its

image in a plane mirror,
1deally realized, cannot be

brought to coincide with
itself.” - Lord Kelvin 1904




Chirality via coupling of three angular momenta:

odd-odd nuclei in the A~130 region

intmd.

o/=~55 N=~75
*Triaxial mass distribution (shape).
Fermi level lies

[ow 1n proton /;;/,; subshell,

high in neutron A;;,, subshell
*Collective rotation of triaxial rotor
with irrotational flow moment of
Inertia.

S. Frauendorf and J. Meng, Nucl. Phys. A 617 131 (1997);

V. Dimitrov et. al., Phys. Rev. Lett. 84 5732 (2000).




The energies of the excited states for the left-handed
and right-handed systems should be identical

V. I. Dimitrov et al, PRL 84 (2000) 5732




The energies of the excited states for the left-handed
and right-handed systems should be identical

—I+15

529
-14 _f 1004

How can we test chlrallty’? A e

24 4 q13
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939 H{— 1
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IO {1038
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559 -

V. I. Dimitrov et al, PRL 84 (2000) 5732




134Pr - g case of chiral rotator ?
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Systematics of

partner bands in
odd-odd A~130

nuclei

: Energy [MeV]
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EM properties of chiral geometry

TME identical for the two bands

L) | IR)

long 1" long (IL|E2|IR) =0

(IL| M1|IR) ~ 0

B(EM;I1,+—1,+)~B(EM;1,——1,-)
B(EM;I,+—1,~)~B(EM;I,—— I +)

R I+2 \\\ ol
14 = —= (| ILy+ | IRY) l R l
+) =—F—= + [+1 4 A\
ﬁ 1 //” “\\
| 1-) =—(| IL)— | IR)) | >

V2 | 1+) | 1-)



<Calculated transition rates for nhy;,,vh;;,, p-h
configuration in triaxial odd-odd nuclei




“Lifetime measurements by RDDS in '34Pr

(11, = (10,7 287keV  (12,) = (10;") 394 keV

0.1 pm 7
S ]

e 0 H
230 580
Energy [keV]

L

280

285

beam stopper




“Lifetime measurements by RDDS and DSAM in 134

Measurement of level lifetimes in the picosecond range

+ measure matrix elements between nuclear wave functions
+ direct measure of quadrupole moments (deformation)
+ very important observable in nuclear structure

The Recoil Distance Doppler-Shift Method

Tgget  Stgpper | ¢~ 1 - 1000ps o recoils

=

vo1 T e beam
target stopper

_ Detector

u: unshifted
s: shifted

4 Lit+ viceash)

n

Decay Curve in fusion reactions
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D. Tonev et al., PRL 96, 052501 (2006)




Band 1 Band 1

Experiment |

Experiment

B(E2) band1

BMIJI —I-1) (nm")

and 2 differ
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D. Tonev et al., PRL 96, 052501 (2006)
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Exp. B(M1)
NO staggering

Chirality predicts:
B(M1) staggering

Good agreement
with IBFFM




Incompatible with the predictions of static chirality!
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B(E2) band1
and 2 differ

Chirality predicts:
B(E2) up-slope
B(M1) staggering

Good agreement
with IBFFM




Gamma Arrays based on Compton Tracking Arrays based on
Suppressed Spectrometers Position Sensitive Ge Detectors

€~40 — 20 %

(M=1— M=30) (M=1— M=30)

Intermediate step - Exogam, Miniball, SeGa : optimized for Doppler correction at low y-multiplicitiy




The AGATA demonstrator




——

Efficiency at 1MeV: ~2.6%
Peak/Total: ~40%

*Angles covered: from 102° to 180°
‘FWHM, 3~10%, 1MeV: 7 to 10 keV

-Efficiency at 1MeV: ~6% at 14cm
*Peak/Total: ~5o%"

*Angles covered: from ~135° to 180°
*FWHM, ~10%, 1MeV: <4 keV



\\ Degrader

U"" "mﬁ"ﬁ"‘ﬁ-'f*””‘«'f'f:‘{"‘mfrhw‘ﬂ!ﬂﬂm Mg.«'flt.d'wk#\

1000 1200
nergy l

AGATA
Demonstrator

Full demonstrator (6% efficiency)

m——
S—

Atv/ic ~ 10% lifetimes in the range
1 to 10ps can be measured with
target-degrader distances ranging
from 30 to 400 um

60Fe — simulation based on existing experimental data



Perspectives:
New ion injector: Beams up to 238U.
Up-grading of the SC cavities: Beam intensities up to 100 pnA

ALPI resonators

/ CR12 CR13 CR14 CR15CR16 CR17 CR18 CR19 CR20

B3

\ CR10 CR9 CR8 CR7 CR6 CR5 CR4 CR3
p=0.056, 80 MHz, full Nb
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et A Mid-term RNB Facility

st  Based on a 40 MeV Proton

0 Driver and on the M
Slice Direct Target C

Ga

He g%




The Multi-Slice Direct Target Concept

protons
P UCx Targets Dump (graphite slices)
(s= 1.5—1 mm) 1.75 glcm3, 3 KW
2.5 glcm3’ 4.5 kW Stopping Power & Fission Cross Section for p-> UCx

600 W/disc (100 W/g)

w >
S~ o

N
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Barn & MeV/dg*cm2.
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Evolution of the DT Approach

42 MeV 10+12 pA 238

5x10725x10°
lons/s

= Total of 1200 hours operation with of 42 MeV protons
= More than 120 different radioactive beams extracted
= 400 W deposited in target (power density is 97 W/g, as LNL-project




Some ISOL facilities towards EURISOL
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Summary

* Multi-nucleon transfer reactions using stable heavy
beams are a powerful spectroscopic tool for neutron-rich
nuclei. Future perspectives are based on high intensity
beams of stable ions or neutron-rich RIBs

 Proton-rich nuclei are an efficient observatory for a direct
Insight into nuclear structure properties

 Electromagnetic properties at high spin are an essential
test for new symmetries

* New techniques and powerful Ge detectors based on
gamma ray tracking are needed to realize such goal
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