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[ The heavier neutron-rich region J

Single-particle energies (and consequently
shell gaps) change with 1sospin - as they
do with deformation (and rotation) !

. . =
132Sn region crucial for : Ooe%
nuclear astrophysics !

5\

N=50, 82 and 126 (spin-orbit) shell closures
unfortunately cannot be studied close to the
dripline - neither now nor in the near future.
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[ Nucleosynthesis of the heaviest elements j

* binary systems

* ~100 seconds

* high temperatures and
proton densities

rp process
(rapid proton capture)

rrrrr

r process
(rapid neutron capture)

* explosive events
* some seconds
* high neutron densities

shell structure, masses,

* He burning stage of stellar evolution B-decay halflives

* thousands of years
e Jlow neutron densities

far-of f stability



[ The importance of the N=82,126 shell closures J
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Figure shown in nearly all glossy brochures for future facilities ...




Supernovae remnant Crab nebula

Site of r-process still
an open question |

Merging neutron stars
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On August 17, 2017 a new era started: GW170817

5001 I Fermi/GBM |

it} LIGO - Virgo
: “ INTEGRAL/SPI-ACS!

Abbott et al., Astrophysical Journal Letters 848:L12 (2017)

0.5-10 days later
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E. Pian et al., Nature 551, 67 (2017)
adopted by G. Martinez-Pinedo

. : @ Gravitational waves, y-ray burst and
o Tl optical transient (“Kilonova”) observed
from the same source:

Binary neutron star mergers are
the dominant site of r-process
Maura McLaughlin, Physics 10, 114 (2017) nuclear‘ SY”Th@SlS |




{ Experimental status of the 132Sn region J

| I ) | | ) )
[ ] HiGS
HEEEEE B B 1] 1 Xe
GL) IN AN AN ] |
o) ’ — masses |
= 1|32§n_ ‘!r—||—|r—l [ 1Te
=2 o il r| I 1 Sb
C rilri{lr@rilr =
5 DIXE pEnE L
O |
o 481 r r 1 Cd
r I r 7
Ml T Ag
46 - 1 172 _
l I I | ' l I Process 'm:c e:,lS' Pd

I » | J | s I ! I

L | )
74 76 78 80 82 84 86 88 90 92
Neutron number

J. Hakala et al., Phys. Rev. Lett. 109 (2012) 032501 Need many more experimen’ral
half-lives and masses !



The EURICA project at RIKEN - since 2012
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[ The EURICA project at RIKEN - since 2012 j

N

RIK=

EURICA
12 EUROBALL Cluster
detectors, i.e. 84 Ge crystals

v decay of isomeric states
or after B decay

WAS3ABI
Stack of segmented
S1 detectors

ion implantation
B decay



[ Systematic half-life measurement in the 132Sn region J

Atomic number Z
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110 half-lives measured, 40 for the first time !



[ Production cross sections for 238U+Be @ 345 MeV J
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H. Suzuki et al./Nuclear Instruments and Methods in Physics Research B 317 (2013) 756-768

One order of magnitude in beam intensity means 1-2 neutrons further out !



[ Systematic half-life measurement in the 132Sn region J
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Systematic measurements crucial fo test theoretical model predictions for
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[ The r-process solar system abundance pattern J
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G. Lorusso et al., Phys. Rev. Lett. 114, 192501 (2015)
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New experimental half-lives

o alleviate the underproduction just below
the A~130 peak and

O greatly improve the description of the rare
earth element abundances.

— Pronounce€ Structure

Quenched shell structure

mass number A

No need for fancy explications |




[ Let's play with all degrees of freedom J

Let
it spin |

temperature
excitation energy

Leave valley
of stability |

1sospin, N/Z

angular > i s il'.'"' '_A%‘o

momentum sugls



[ Let's play with all degrees of freedom J

Leave valley
of stability |

1sospin, N/Z

temperature

Let
it spin |

excitation energy

momentum

angular




{The heavy-ion induced fusion-evaporation reaction J

target nucleus
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* neutron-deficient nuclei

* high spin and excitation energy

* needs heavy-ion accelerator

» many different reaction products

» large range of cross sections

» recoil velocity of reaction
products v/c = 1-5%

Use highly efficient y-ray
spectrometer to explore
the E, vs. I plane |

Recoil velocity crucial for many
techniques to measure lifetimes,
moments etc.

No time to talk about all that ...



[ The importance of channel identification J

Example: 5Ni + 54Fe proton drip line
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o [mbarn]
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relative cross section in (%)

e many different reaction products H >0 0.001-0.01
@ large dynamical range ® 0.1-1.0 ™ 0.0001-0.001
B 0.01-0.1 <0.0001

We need magnetic spectrometer, neutron detectors, charged particle
detectors etc. .or decay tagging ! No time to talk about all that ...



[The playground of fusion-evaporation reactions J

E, [MeV]

20

15k after particle
evaporation
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N
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Strongly populated reaction channels:

High-spin physics !

Atomic number Z

1001 Compound nuclei
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Neutron number N

Weakly populated reaction channels:
New physics at the extremes of 1sospin !



How high-spin physics started ...

Energy Resolution

From Sodium Iodide to Response function = differential spectrum
Germanium detectors obtained with a detector when hit by
monochromatic radiation

60’s - Use of Ge(Li) detectors marks the
beginning of high-resolution in-beam y-ray
spectroscopy

”*’”‘ 70’s - Only few detectors , operated in y—y
coincidence. Development of the HP-Ge detector.

Use of Germanium detectors =
breakthrough in nuclear structure

FWHM ~2 keV at 1.3 MeV

104,106Ag S '
KV o THE EUROPEAN NEUTRON SOURCEll NEUTRONS

FOR SOCIETY

-}

Caterina Michelagnoli, 1. Lecture



a-induced fusion-evaporation reactions - '°°Gd(a,4n)!°Dy

How high-spin physics started ...
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The discovery of backbending !
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The problem of the "wrong" moment of inertia

Det Kongelige Danske Videnskabernes Selskab
Matematisk-fysiske Meddelelser, bind 30, nr. 1

Dan. Mat. Fys. Medd. 30, no.1 (1955)

DEDICATED TO PROFESSOR NIELS BOHR ON THE
OCCASION OF HIS 70TH BIRTHDAY

MOMENTS OF INERTTA
OF ROTATING NUCLEI

BY

AAGE BOHR ann BEN MOTTELSON

/,, rigid rotation of an ellipsoid

N9 of constant density

(13

,,whirl free
e liquid

/
- Sirrot /
- ‘Jr/g

irrotational
quqid

oF

laboratory

r/gld
body

intrinsic

16

,,Nuclei are like egg shells which are filled
with a mixture of a normal and a super-

conducting liquid !

'66

Super conductivity due to pairing forces
in analogy to the Cooper pairs (electrons)

in super conductors.




[The backbending phenomenon }

102Dy (o, 8n) ! S8Er Possible explanations:
50k 26/ h2 1972 Mottelson-Valatin Cor191.1s antlpalnr.lg effect
[MeV-'] ,‘PQ coherent collapse of pairing correlations,

This work has demonstrated the feasibility of
observing discrete yrast transitions of spin up to
at least 307 in (HI,xn) reactions. Three develop-
ments have made these high spins accessible.
These are (1) *°Ar projectiles to bring in high an-
gular momentum; (2) the elimination of the Dop-
pler broadening by using thin targets and observ-
ing in the forward direction; and (3) the enhance-
ment of a particular reaction channel using y-ray
multiplicities. The observed second discontinuity
in the yrast levels of **®Er around 7=287% may be
due to several possible effects, with alignment
of a second pair of particles appearing most like-
ly to us. It will be interesting to find out whether
such discontinuities are a general phenomenon
and also whether there is a connection between
them and the population pattern in (HI,xn) reac-
tions.

phase transition from the superfluid to a non-superfluid state

, neutrons
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{ Band crossings along the Yrast line J

Moment of inertia vs. rot. frequency
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First back(up)bending corresponds to the crossing
of the Stockholm band with the ground state band |



[The 1980's: National arrays of HPGe detectors J

OSIRIS Cologne 1986 1

Compton-suppression shields

Background from Full-energy
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[ Nuclear Superdeformation: A major discovery J

TESSAZ2: 12 escape-suppressed Ge detectors at the Daresbury Laboratory (UK)

IOSPd(48Ca, 4n)152Dy86

800

Super-deformed rotational band \.‘l 3 rr':’ Nearly constant
J_,J spacing of 47 keV !

1 28
30 “-\.‘
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Ey (MeV) Phys. Rev. Lett. 57, 811 (1986)

Superdeformed bands in the y-ray continuum observed before (E2 bump).



Single Particle Levels (MeV)

Deformed shell gaps
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[ Normal and superdeformed bands in the E, vs. I plane

Moment of inertia larger for larger deformation

=) Superdeformed rotational states energetically favoured

and therefore observable at high spin !
A

Rotational band:

hZ
E =—1I(I+))
2J

J : Moment of inertia

Jsp = JIND

spin



counts

Discovery of superdeformation in 1°2Dyg,

B~0.6 (2:1)
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[ Superdeformation as major physics discovery J

“Top unexpected physics discoveries of the

H '” ~ 3

last five years! | ] = Daniel Kleppner

’ $| B Lester Wolfe Professor
\wIN of Physics at MIT

PHYSICS TODAY December 1991

High temperature superconductivity

Atom cooling and atom optics

Large-scale structure of the universe

Supernova 1987A

Superdeformed nuclei

Buckyballs

Starting shot for the development of larger 4n y-ray spectrometer |



[The American Gammasphere J

Total photopeak efficiency
around 10% |

1993-1995 :

preliminary (30 + ... Ge)
since 1996:

110 individual Ge
Berkeley - Argonne - Berkeley




[The European EUROBALL J

Total photopeak
efficiency around 10% !

/ 1 el

S B 239 detectors ¥
s o OB /] linear polarization
8 EUROBALL 1997 - 2003 | "o "oorece

. & ‘ N9

e

Three different types
of detectors !




[The composite CLUSTER detector of EUROBALL J

Al capsula Ge crystal (65%)

BGO crystals as
Compton suppression shield

1.5 kg of Ge each crystal




The European EUROBALL (1997-2004) |

Germanium
¥ BGO
T t
B Tungsten : 15 Cluster
; : Pph =44 %
o beam
30 individual
Ge crystals Germany (8)
P, =13% Italy (5)
Sweden (4)
Denmark (1)

26 Clover  France (7 groups)
Pph =37% UK (5)

In operation at the LNL Legnaro (Italy) SE6) |
—> indivi .
and the IReS Strasbourg (France) 39 individual Ge CrYSTGIS



The decay-out in the case of 192Dy - 16 years later
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Triaxial
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Proton single-particle levels (MeV)

Superdeformation in doubly-magic “°Ca
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[ Superdeformation in the nuclear shell model J

8p-8h

**" proportional to

4
B,=0.6(1) SM Ocazo

transition strength I
. 4p-4h B 50
1gy),
I 2py),
2p 5/2
Z
1f;,
-—={20|= ===
d 1d;,
S 28y,
L 1ds),
8
1py
1p;,
2
Isy)

It is just a matter of configuration space ...



{ Prompt proton decay out of the 2" minimum J

A real surprise |

D. Rudolph et al., Phys. Rev. Lett. 80, 3018 (1998)



[The playground of fusion-evaporation reactions J

E, [MeV]

20

15k after particle
evaporation

N

statistical

1ok dipole cascades

S5k discrete
Y-transitions

no states

Yrast line

0 5 10
Spin I [f]

Strongly populated reaction channels:

High-spin physics !
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Weakly populated reaction channels:
New physics at the extremes of 1sospin !



[The playground of fusion-evaporation reactions J

1007 Compound nuclei
| 142N d(52Cr,4n)'*Po

80 TProton emitters | BT
! 22Mo(**Fe,p4n)'“'Ho I-Fiﬁl'"‘

60 T S0Cr(38Ni,0:2n)!1%2Sn
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Shape coexistence close to the ground state

[evel scheme of !3°Pb

190
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*
S 14 2.45(5) ms
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923§ 4+ Ea lo
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e'le' N
opoh Gk 0" < 7533(10) 96.4(4)
186pb

A. Andreyev et al., Nature 405,430 (2000)

142N d(°2Cr,4n)!"Po

6~300 nbarn ~300 atoms per hour
background ~106
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J.L. Egido et al., Phys. Rev. Lett. 93, 082502 (2004)

Well described by mean field theory !
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{ Shape coexistence close to the ground state J

spherical oblate prolate

186P

Energy (MeV)

Three minima

32005(7‘*30) A. Andreyev et al., Nature 405,430 (2000)




[ Does the strong interaction conserve isospin ? J

The strong interaction is charge symmetric and charge independent:

Vior = Vin = Vi

Proton and neutron can be viewed as two states of the same particle:
the nucleon

triplet “ “ “ T=1, S=0
singlet “ T=0, S=1

nn np PP
Tz +1 0 -1

Heisenberg 1932

Study T=1 isobaric triplets to search for isospin breaking contributions !



Isospin concept is known to work for light nuclei J

triplet “ “ “ T=1, S=0
singlet T=0, S=1
nn np PP
T,: +1 0 -1
MeV T=1 MeV
5 - - 5 -
4 A - 44
- + +
;. 4 | 4 4 3
2 4 - 2 4
+ + +
| 2 | 2 2 |
0 - 0t 0.693 - 0+ 0t o-
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The example of the A=54 isospin triplet
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Phys. Rev. Lett. 97, 152501 (2006)

Phys. Rev. C78, 021301(R) (2008)



[ Triplet energy differences for °*Ni,-2%Co,7-2%Fe,q J

“ “ “ Triplet energy difference:

TED(J) = E,(**Ni) + E,(**Fe) — 2E,(3Co)

67 2949
.
4 2620 — 4ﬂ8
0
NIB
it
1227 >
= | Coulomb
g]oo .................... &
or Q1392 2 1445 ot 1408 =
o o o R v
L
T [ calc. TED = Coulomb + NIB
1392 _

C | L . 1 | 1 ) 1 | 1 1 1 |
l 0 2 4 6
J
0" 0 o* 0 0" 0

. A. Gadea et al., Phys. Rev. Lett. 97, 152501 (2006)
Nipg 1Coy; “Feyg ¢

Nuclear isospin-breaking (NIB) terms are of
the same order as the Coulomb contributions |



The nuclear landscape - neutron-deficient side
(with stable-beam induced fusion-evaporation reactions)

Super-heavy

Rotational damping Spectroscopy of clements
Superdeformation transfermium nuclei O
Triaxial deformation Shape coexistence 126 O

Band termination (Pb) -

Ground state proton decay
beyond the drip line

=

O

Spin traps and
K isomers

[sospin symmetry
along N=7
(°?Pd,A=54)
Rotation (SD) of
doubly-magic nuclei

“Ca) 28 ]
R High-spin physics
8 4 | —» New physics at the
2 20 extremes of isospin




[ The future of y-ray spectroscopy: Tracking arrays J
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{ Target view into the collimators of EUROBALL J




[ The idea of y-ray tracking J

Compton Shielded Ge

gon ~ 10% 7 e scattered y-rays lost

Nyet ~ 100 = * poor definition of
angle of incidence

Q ~40% - * solid angle coverage

AB ~8° limited by CS shields

Ge TI"GCking Af'r'ay Combination of:

.  segmented detectors
€n ~30% ﬁ « digital electronics
Noer ~ 100 i * pulse shape analysis

CZTT] e vy-ray trackin
Q  ~80% =g T S
AO ~1° ﬁ mm) much improved efficiency

and angle definition

Previously, scattered gammas were wasted.
Technology is available now to track them |



( The tracking arrays AGATA and GRETA J

® 60 triple clusters = 180 crystals
5
4 360 kg of Ge
> 36-fold 200 kEuro/crystal
"rel segmentation 6660 electronics channels

Caterina Michelagnoli
Lectures 2 & 3

AGATA and GRETA will open a new era in y-ray spectrocopy

- with stable and radioactive ion beams !




[ Overview and summary J

Let
. . I
It spin! Synthesis of SHE
temperature
excitation energy Spectroscopy of
transfermium nuclei O
Shape changes and 126 O
collective motion :
A Shape coexistefice e
82 A gt
angular > s £ _A%%
momentum i ,Q<OO
Leave valley .
of stability !
AN Isospin 50
isospin symmetry Nuclear physics input

2 for the r process

Both radioactive and
stable ion beams

58 are important |



[ Nuclear structure research in the future J

/N N

Exciting new facilities and instrumentation currently
under construction — very attractive perspectives.

Still enough interesting new physics to be discovered.
But: Fewer facilities, less beamtime, experiments more and more

complex, data more and more precious (and expensive).

Nuclear physics became a very diverse and highly spezialized field.

It's time to rethink our way of working !

Try to get a more global view, define clear goals, set priorities etc.

Field must stay attractive for young researchers and financing agencies !



