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[The heavy-ion induced fusion-evaporation reacfion}
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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 idem‘ification}

proton drip line

Example: 8Ni + >4Fe
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e many different reaction products H >0 0.001-0.01
@ large dynamical range W 0.1-1.0 ® 0.0001-0.001
® 0.01-0.1 <0.0001

We need magnetic spectrometer, neutron detectors, charged particle

detectors eftc. _or decay tagging ! No time to talk about all that ...



[The playground of fusion-evaporation reacﬂons}
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Weakly populated reaction channels:
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How high-spin physics started

a-induced fusion-evaporation reactions - '°°Gd(a,4n)'®°Dy 150 ’[2'53/32']
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The discovery of backbending !



The problem of the “"wrong” moment of inertia

Det Kongelige Danske Videnskabernes Selskab
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[The backbending phenomenon}

162Dy(0,8n) S8Er Possible explanations:

50k 28/ h2 Mottelson-Valatin Coriolis antipairing effect
{[Mev"] 1972 coherent collapse of pairing correlations,
phase transition from the superfluid to a non-superfluid state

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 =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.
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[ Band crossings along the Yrast Iine}

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 detecfors}

OSIRIS Cologne 1986 ——
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[ Nuclear Superdeformation: A major discovery}

TESSAZ2: 12 escape-suppressed Ge detectors at the Daresbury Laboratory (UK)
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AXis ratio ~2:1 |

P. Twin et al.,
Phys. Rev. Lett. 57, 811 (1986)

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



Deformed shell gaps

prolate
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= of the deformation:
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[Nor'mal 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 !

Rotational band:

hZ
E =" I(I+1)
2J

J : Moment of inertia

JSD > JND

spin
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[Superdefor'ma'rion as major physics discovery}

“Top unexpected physics discoveries of the

= '”
last five years! m‘] B Daniel Kleppner

’ { [} | Lester Wolfe Professor
AL 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 4 y-ray spectrometer |



[The American Gammasphere}

Total photopeak efficiency
around 10% |

1993-1995 :

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

110 individual Ge
Berkeley - Argonne - Berkeley




[The European EUROBALL}

Total photopeak
efficiency around 10% !

1; &Y 239 detectors

/1 linear polarization

L 1997 - 2003 Rl | o> Poarzate

7 3 )

Three different types
of detectors !

AN

EUROBAL

B\



[The composite CLUSTER detector of EUROBALLJ

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
B Tungsten 15 Cluster
: > P =44 %
o beam
30 individual {:“
Ge crystals ——3 > Germany (8)
e
Pp=13% / Italy (5)
Sweden (4)
- Denmark (1)

26 Clover  France (7 groups)
P,=37% UK

In operation at the LNL Legnaro (Italy) I T |
and the IReS Strasbourg (France) 239 individual Ge crystals !



The decay-out in the case of 152Dy - 16 years later
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Triaxial
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Proton single-particle levels (MeV)

Superdeformation in doubly-magic 4°Ca
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[Superdefor‘maﬁon in the nuclear shell model }
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It is just a matter of configuration space ...



[Pr‘omp‘l' proton decay out of the 2" minimum}

A real surprise |

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



[The playground of fusion-evaporation reactions}

E, [MeV]

20

15f

statistical

1ok dipole cascad<A

5F discrete

y-transitions
Lz

I

after particle
evaporation

no states

Yrast line

Atomic number Z

0 5 10

15

Spin I [h]

Strongly populated reaction channels:

High-spin physics !

100

80T

60T

401

2071

| Compound nuclei

stable beams

80 100 120 140

Neutron number N

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



[The playground of fusion-evaporation reacﬁons}

1007 Compound nuclei
| 142Nd(52Cr,4n)!%Po

80 TProton emitters ! T
! 92Mo(**Fe,p4n)'4'Ho I_ﬁi.l"el"l

60 T socr(3*Ni 02n)128n
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[Does the strong interaction conserve isospin ?}

The strong interaction is charge symmetric and charge independent:

Vor = Van = 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
T,: +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}

triplet “ “ “ T=1, S=0

T=0, S=1

singlet

nn np pp

T, +1 0 -1
MeV T=1 MeV
5 - - 51
4 A - 4
;- 4+ | 4+ 4+ \
2 - 5
| 2F | 2t 2" N
0 - 0" 0.693 - 0" 0" o-
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The example of the A=54 isospin triplet

N

roton
. SNSRI
number sani | 55 \zsm
/7
52Co \%o 5/460 55‘&\
0Fe | >1Fe 52¢Fg\ 3Fe | >*Fe
el e
-
48Mn |9V [SOMn|52Mn|52Mn | S
7/
/7
46Cr | 47Cr | 48Cr | %°Cr | 50Cr | SiCr
7
44y | 4y 56(/ a7y | 48y | 49y
7/
42Tj | 43Tj ;“”I'i 45Tj | 46Ti | 47Ti
/7
415¢ jzch 43Sc | #4Sc | 43Sc
el |
4¢3 |“1ca | *2ca |*ca |*Ca neutron
4 number
—_—
20 21 22 23 24 25 26 27 28

\
ol

VA

24Mg(3%S, 2n)**Ni _
20 \é
[ N + s
* N
2. 4N 1 =
shogE . >
w— | 2 T VA
) x |- —
€ 3 |2 N « X
IR 8§ 2 N
- [}
(8] 2 e e
g g S 3
‘ o S
5 S o
Q) N
~§ 8
CRES
500 1000 1500 < A
2006 Energy (keV)
Isomeric 10" decay
6457 146 10" 6527 146 10 _
szT saT
3241 3386 2
S
S
Q
=
53CO +p [Z 6" 4 2000 W 6+ | 2
P oz 3o 2538 41141 =
N S
~
1227 1130 g
1392 2t 1408 2+ s>
NS
<0
0 + S
= K
> Ni St
S
2008 28 26 QA



[Tr'iple'r energy differences for 54Ni26-54C027-54F228}

“ “ “ Triplet energy difference:

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

6" 3071

" 67 2949
451
4+ 2620 — 4ﬂ8
0 %
1227 >
= | Coulomb
g]oo ................... -
or Q1392 2 1445 ot 1408 q |
D ....................... v
L
l__zoo - calc. TED = Coulomb + NIB
1392 |

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

. A. Gadea et al., Phys. Rev. Lett. 97, 152501 (2006)
54N126 54C027 54F628

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 elements
Superdeformation transfermium nuclei Q
Triaxial deformation Shape coexistence 128 O
Band termination (Pb) -

Ground state proton decay O .l.JiF_ _/
beyond the drip line 006‘5%

e

[sospin symmetry

along N=Z Spin traps and
(**Pd,A=54) K isomers
Rotation (SD) of
doubly-magic nuclei 2
(“Ca) 28 T _—
20— 50 High-spin physics
8 4 — > New physics at the
2 20 ~ nheutrons extremes of isospin




[The future of y-ray spectroscopy: Tracking arrays}

2 108
e R
T o ® Ge Shell S ——————————
%100 Y I & &Tracking-é 5 AGATA
2 \ / —106 =
— 101 ©
2 Gammasphere o
) 10 2 EUI‘Oba” B g)
4 Yrast Sequence =
EI in 156Dy - —1104 5
= 10 . g w
§ (Intensity 2*= 0% = 1) > / \ g
2 10 v Compton- =
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, Suppression ©
10 20 30 40 50 60 & HPGe —{102 -
in (h
Discovery of Spin (#) / | £
i (0]
Geiger-Muller Nal Ge(Li) —100
| Absorbers— | | |
1900 1925 1950 1975 2000 2025
Year

AN 1Y | EUROBALL (1997-2003)



[Tar‘ge’r view into the collimators of EUROBA AL}




[The idea of y-ray Tracking}

Compton Shielded Ge

en ~ 10% 7 e scattered y-rays lost
Nyt ~ 100 * poor definition of
angle of incidence

Q ~40% - * solid angle coverage
AB ~8° limited by CS shields
Ge Tracki ng Ar‘r‘ay Combination of:

.  segmented detectors
Epn ~50% » digital electronics
Nyt ~ 100 Sl

5.5 1 * pulse shape analysis

Q 80% - * y-ray tracking
~ A S
A9 ~1° W m=) much improved efficiency

and angle definition

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



[The tracking arrays AGATA and GRETAJ

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

AGATA and GRETA will open a new era in y-ray spectrocopy
- with stable and radioactive ion beams |



[ Overview and summary }

Let
it spin | :
P Synthesis of SHE
temperature
excitation energy

Spectroscopy of
transfermium nuclei o

Shape changes and 126 O
collective motion £ .
o Shape coexistefice L
82— apit®
angular) o ’_A‘b%
momentum (OG
Q
Leave valley

of stability !
Isospin 50
symmetry

isospin

Nuclear physics input
2 for the r process

Both radioactive and
stable ion beams
28 are important |



{Nuclear structure research in the fufure}

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

~

9 @\
|
\

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.

I't'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 !



