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Quadrupole deformation of nuclei
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Oblate deformed nuclei are far less abundant than prolate nuclei
Shape coexistence possible for certain regions of N & Z
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Shape coexistence around A=70

expected e.g. in:
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» Observation of O0*shape isomers
» Coulomb excitation to determine
shape parameters and configuration mixing
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Coulomb excitation of 7476Kr at SPIRAL
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> T4Kr + 208Ph at 4.7 MeV/u (SPIRAL)
= multi-step Coulomb excitation

» y-ray yields as function of scattering angle
(differential excitation cross section)

» experimental spectroscopic data
(lifetimes, branching ratios)

> least squares fit of ~ 30 matrix elements
(transitional and diagonal)

E. Clément et al., Phys. Rev. C 75, 054313 (2007)
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Quadrupole moments (Qp) in 74Kr and 7Kr

74 Kr

6% | +3.132% eb

(4%)

oblate

~0.86"7eb

25

[+ 21152

24 ]P1 850 g

}

o)

0

+5.07°7 gb

~3.40"1%eb

ob te

+4.66"°% eb

pro te

+2.50 2% eb

!

» direct confirmation of the prolate — oblate shape coexistence
> first reorientation measurement with radioactive beam

Wolfram KORTEN
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Experimental results and comparison with theory
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» complete set of e.m. matrix elements, incl. static moments
» quantitative understanding of shape coexistence and configuration mixing

» triaxiality is the key to reproduce experimental data and shape evolution
Wolfram KORTEN International School of Physics "Enrico Fermi” - July 2017 6
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Quadrupole deformation from sum rules

Model-independent method to determine M(E2, 1= 0) = Qcosé
charge distribution parameters (Q,d) from M(E2, jp= +1) =0
a (full) set of E2 matrix elements M(E2, p=+2) = LQsind
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“intrinsic ground state shape can be determined by a full set of E2 matrix elements
linking the ground state to all (collective) 2* states
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What do we know in the N~Z nuclei around A=70

SPIRAL LE CoulEx:
Q(2,*,4%,2,%,... )
PRC 054313 (2007)

NSCL HE Coulex REX-Isolde LE CoulEx HIE-Isolde LE CoulEXx:
B(E2; 0* —> 2%) Ciot(0*— 2%) only Q(2,*,4%,2,%,... )
PRC 80 (2009) 031304 PRL 98, 072501 (209 planned 2017
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Coulomb excitation of 7°Se at CERN / ISOLDE

> 0Se on 1%Pd at 2.94 MeV/u

» integral measurement

» excitation probability P(2*) via
normalization to known 194Pd
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E. Clément et al., NIM A 587, 292 (2008)
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— Doppler coreacted for '*Pd
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Lifetimes in 7°Se revisited

Recoil-distance Doppler shift
40Ca(3%Ar,02p)’°Se
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> 9 9
> literature value: Tt = 1.5(3) ps
] . J. Heese et al., Z. Phys. A 325, 45 (1986)
| " oo uml > new lifetime for 2* in 7%Se: 1t = 3.2(2) ps
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What do we know in the N~Z nuclei around A=70

lrfu

€=>9 / RIKEN HE CoulExh NSCL RDDS & HE CoulEx  SPIRAL LE CoulEx:
| “knock-out” T,z (2+47); B(E2; 0 —> 2%) Q(2,*,4%,2,%,... )

— RIBF94 May 2015 PRL 112, 142502 (2014) PRC 054313 (2007)

NSCL HE Coulex REX-Isolde LE CoulEx HIE-Isolde LE CoulEXx:
B(E2; 0* —> 2%) Ciot(0*— 2%) only Q(2,*,4%,2,%,... )
PRC 80 (2009) 031304 PRL 98, 072501 (2007) planned 2017

Wolfram KORTEN International School of Physics "Enrico Fermi” - July 2017 11
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Coulomb excitation - the different energy regimes

Low-energy regime

(< 5 MeV/u)
hv
Energy cut-off AE__ =—7
d¢E
Spin cut-off: L ax: up to 30h

Cross section:  do/dO ~ (I;|M(a))|le)

differential

Luminosity: low
Beam intensity: high

mg/cm? targets
>103 pps

Comprehensive study of
low-lying exitations

Wolfram KORTEN

~2MeV AE_,

High-energy regime
(>>5 MeV/u)

hePY < 10MeV(B = 0.4)
d &

mainly single-step excitations

c,~ (Z,e?/ hc)? B(oh, 0—1)

integral
high g/cm? targets
low a few pps

First exploration of excited
states in very “exotic” nuclei

Intern. School of Physics "Enrico Fermi” - July 2017 12
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High energy Coulex of 79.72Kr at RIBF

Primary beam:  BigRIPS 2"9target ZDS
345 MeV/u "8Kr 72Kr  Be 3.8mm "1Kr
up to 300pnA 2Kr  Au 0.2mm 72Kr
’071Kr  Be 3.8mm 7Kr
7071Kr  Au 0.5mm 7OKr

ZeroDegree identification:
AE,TOF, Bp

BigRIPS identification by: secondary target:
AE,TOF, Bp Be, Au

m performed at RIBF, RIKEN Nishina Center

m two beam settings, centered on "?Kr and 7%7'Kr
m DALI2 Na(l) array for y-ray detection

m PPACs for scattering angle reconstruction

Wolfram KORTEN International School of Physics "Enrico Fermi” - July 2017 13
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Identification with BigRIPS and ZeroDegree

OKr + Au (CoulEx)
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Inelastic excitation of 72Kr on Be target

72Ky

(preliminary)
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> First observation of new excited states (second 2*and low-lying state 3-?)
International School of Physics "Enrico Fermi” - July 2017 15
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72Kr y—y coincidence analysis
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Electromagnetic excitation of %8Se,”2Kr on Au target

gsooo' Si-oor-v §°°°—_ - 2t — 0 " amusa
N 68Se —— Background Fit %) K Kr 710(8) keV —— Background Fit
g ~1.6 108 —+— Experiment X ~1.6 108 —}— Experiment
4000 31500_—
§3000:— 2" >0 § B
o 854(6) keV 1000
2000(— B (2¥) > 0*
: sool” ~1155 keV
1000— -
:“.1 e | — :.. ''''' R R T W T i T A
200 600 800 1000 1200 14060 760 %00 400 600 800 1000 7200 7400 160
Energy (keV) Enerqy (keV)
nucleus | B(E21) (e“fm*) prev. | B(E2 1) (e“fm*) this
lifetime 1960(350)
"2Kr | CoulEx 4997(647) 4910 (700)
lifetime 4050(750)

> B(E2) values in 72Kr (and %8Se) similar to previous CoulEx experiment

corrections for nuclear excitation and feeding (still under investigation)

68Se: A. Obertelli et al., Phys. Rev. C 80 (2009) 031304, A. J. Nichols et al., Phys. Lett. B 733 (2014) 52
72Kr : A. Gade et al., Phys. Rev. Lett 95 (2005) 022502, H. Iwasaki et al., Phys. Rev. Lett 112 (2014) 142502
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Electromagnetic excitation of 79Kr on Au target

—C\ 180 « Simulation 70Kr
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------ Total

701(.[‘ 6888 7OBI‘ 72K_r
Au target
(721;, [mb] 281(28) 231(3) 157(9) 339(5)
i [mb] 20(2) 41(3)
Be target
(721; [mb] 18(3) 22(1) 17(1) 26.0(10)
Ot [mb] 4.4(4) 4.5(3)

10" sz
10* - |
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» measurement of absolute,

integrated cross section
Au("9Kr,"°Kr*)Au

» nuclear contributions taken from

inelastic scattering on Be target

> preliminary result: B(E2; 0* —» 2*) =

3400(500) e*fm4

» feeding corrections from (observed)

higher-lying states included

» final uncertainty, statistic and

systematic, expected to be ~20 %

International School of Physics "Enrico Fermi” - July 2017 18
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Collectivity of A=70 T=1 mirror nuclei

E [keV]
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2039 4*
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v .
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1917(16) -122(16)

1471(14) -129(14)

Y 885(4) -60(4)
~0.34(5)

Lower E(2+%,4%) and higher B(E2) in 7°Kr than in mirror 7°Se
=> may indicate shape change between A=70 T=1 mirror nuclei ?

Wolfram KORTEN
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Coulomb excitation of neutron-rich nuclei at A~100
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N=60 N
Z<40 (Se, Kr, Sr) available at standard ISOL facilities:
Isolde/CERN, ISAC2/Triumf, SPIRAL2, SPES, ... HFB Gogny-D1S
Coulex of 96:98Sy, 97.99Rp, %K, .., M.Girod et al.,

40=7=46 (Zr, Mo, Ru, Pd) are refractory elements
only available at IGISOL facilities: JYFL, Caribu/ANL
Coulex of 1007y, 106\jo & 110RyY

Wolfram KORTEN International School of Physics "Enrico Fermi” - July 2017 20
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Coulomb excitation of neutron-rich nuclei at A~100

N=60

Z<40 (Se, Kr, Sr) available at standard ISOL facilities:
Isolde/CERN, ISAC2/Triumf, SPIRAL2, SPES, ...
Coulex of 26:98Sy, 97.99Rp, 96K, ...

40=7=46 (Zr, Mo, Ru, Pd) are refractory elements
only available at IGISOL facilities: JYFL, Caribu/ANL 04 00 o4

Coulex of 1007y, 106\\jo & 110Ru J. Skalski et al.,
NPA 617, 282 (1997)

Wolfram KORTEN International School of Physics "Enrico Fermi” - July 2017 21



lrfu

saclay

Evidence for sudden shape changes at N=60

Two-neutron separation energies Excitation energies of
and mean square radii first 2* and 4* states
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Shape evolution in 385r isotopes at N=60

lrfu

Shape transition at N=60 well established from prompt spectroscopy using fission fragments
Investigation of the nuclear shapes through electromagnetic probes :

saclay  B(E2) values to probe the collectivity and the mixing of different configurations

Q, to determine the quadrupole deformation

Coulomb excitation of ?¢-?8Sr
at REX-Isolde (CERN)

B3

84—
566

6+ "
, 433 438 /_6!:
CAE S b 72755
o+ 289 1 ~—_1J+
CF 1aq T

N=60 23
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Coulomb excitation set-up at REX-ISOLDE

lrfu
C@ to the target
IH-structure 7-gap IH-9gap and the MINIBALL
RFQ buncher resonators resonator
saclay \ \ Pk \ g
— b e g i v e D]
5 keViu 300 keViu 1.1-1.2 MeV/u

8 MINIBALL Ge cluster detectors (~7% efficiency)
DSSSD for particle detection (proj. & recoil)
Doppler correction and differential cross section

Wolfram KORTEN International School of Physics "Enrico Fermi” - July 2017 24



Coulomb excitation on "spherical” 7°Sr
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saclay Coulomb excitation of %Sr at Rex-Isolde
=10 pps, (>80% after awaiting Rb decay)
2.82 MeV/u on 199Ag and %%s, targets

- mainly 1stexcited 2* state populated
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Coulomb excitation on “"deformed" 28Sr

o 20 60Ni target
N (e
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Wolfram KORTEN

Energy [keV]

Coulomb excitation of %3Sr at Rex-Isolde

6.10% pps, (>80% awaiting Rb decay in REX-trap)
2.82 MeV/u on 298pp and ®ONi targets

- gs band (8*) and second 2* state populated

98
Sr
8+
566

+ % 2t
+453 438 // SbIG
4 b 72780
. 28 J [zl o
07 _144 I

E. Clement, M. Zielinska et al,
Phys. Rev. Lett. 116, 022701 (2016)
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Coulomb excitation results on Sr isotopes at N=60
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10%
B(E2)) = 0.002(1) e*fm
B(E2]) = 0.34 (8) e*fm I
B(E2)) = 0.0018 (3)e*fm"
689
g* B(E2)) = 0.027(3)e*fm*

B(E2|) = 0.34 (5) e*fm*
2+
B(E2]) = 046(9)e*fm* / v I

B(E2)) = 0.345 (22) e*fm*

oty B(E2]) = 0.259(8) e*fm*

o1 ; IN—D0

B(E2|) = 0.045 (1) e*b* B(E2)) = 0.25(2)¢*fm*
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Coulomb excitation results on Sr isotopes at N=60

o vy
%Sr ; N=58

Wolfram KORTEN

Q, = -121(39) efm?

Q, = -187 (25) efm?

Q, = -52 (24) efm?

|Q,| <15 efm?
6+ : o+
® / / 656

+
4 727 ofs

+
g* iij //*711—1—0
%BSr: N=60

E. Clement, M. Zielinska et al,
Phys. Rev. Lett 116, 022701 (2016)
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Quadrupole moments from Coulomb excitation

a 5
g. -
o
4 Y. .
[ ] —————
3[ {‘ | 3 f o I
. i N=58 N=60
2 N TI o %Kr s *Kr
B gl 2 9GSI‘ = er
1 ®Zr 1007y
- v “Rb
B 1 1 1 1 1
0 2" 4* 6" 8* 10°*

adapted from E. Clement et al. Phys. Rev. C 94, 054326
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~ Coulomb excitation of neutron-rich nuclei at A~100

100

80

<g> signfcos(3<y>)]
5DCH

0.30

L |
Braft 0.10
20 i o100

20 40 60 80 100 120 140 160 180 200

40

N=60 N
Z<40 (Se, Kr, Sr) available at standard ISOL facilities:
Isolde/CERN, ISAC2/Triumf, SPIRAL2, SPES, ... HFB Gogny-D1S
Coulex of %985y, 97.99Rp, 96K, ... M.Girod et al.,

40=7=46 (Zr, Mo, Ru, Pd) are refractory elements
only available at IGISOL facilities: JYFL, Caribu/ANL
Coulex of 1007y, 106\jo & 110RyY
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ATLAS/CARIBU facility at ANL

(=) CAlifornium Rare Isotope Breeder Upgrade

DC gradient

252Cf

GRETINA-CHICO2

To acceleration
and mass
separator

Gammasphere
. ArealV

.................. GP/Gammasphere
Beamline
CARIBU i R PR e N N
cEwil : & o—FN-Tandem Injector Spectrometer
lon Source ) “ : ;
I ] ATLAS Linac Target Area Il
5 ép_ Podlen [ dh \ W Large Scattering
i Source - Facility
‘ — Canadian
o =0 Penning Trap
i \‘— Spectrograph/GC-RFQ
=== — §C Solenoid/GC-RFQ
Accelerator d
Control Room i Target Area || 0 50
; )

Approximate Scale
{in feet)

1007y at 3.84 MeV/u (10/2014), 11°Ru at 3.91 MeV/u (11/2014), 1%Mo at 3.91 MeV/u (04/2015)
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Coulomb excitation set-up at CARIBU

y-ray Particle detection
spectroscopy * angles Beam monitoring
GRETINA * ToF CHICO2 and impurities

PPACs

Ge beam Dump
Detector

|~\~v

CARIBU beams
from ATLAS

TN
1.5 mg/cm2
208Pp target
98.86%

purity
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 Scattering angle

Coulomb excitation of 10Ryu
Particle detection with Chico2

— important for Doppler correction (together with GRETINA position determ.)

* Time of Flight (for kinematical coincidences)
— extremely important for mass identification (AA/A~10%)

500

400

300

200

100

0

-100

-200

Time of Filght Difference

-300

-400

-500

Wolfram KORTEN

|IIII|IIII‘IIII‘IIII|IIII|IIIIIIIIIIIIIIIIIII

CARIBU beam
from ATLAS
110RU@440 MeV
~3-5 103 pps

4 Scattered lead

131Xe

_ 110RU, 110Cd

Kr

||=|"|||-'||':|-::-|--.|1--| |-|'fr "|"|||'|||'1||||||||

_[TTTT

40 50 60 70 80 90 100
Lab Angle, © [degrees]
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Coulomb excitation of 10Ru at CARIBU

| r fu
e o 2*,->0%,
10007 P ﬂ
saclay 110Ru ey -
o~ o "N
110Cd ?\; A,-.
n NG -
€ 100 3
- '~
O ~
@)
A=110 mass gate and 131Xe
background subtracted
200 400 800
6+ 1239
E, [keV] I 110Ry
576 860 3+
Partial 110Ru level scheme, showing onl | ’ 619
. . 5 Y 423 372
transitions as observed in the present work o+ ! 241 ¢ 613 J
D. Doherty et al., Phys. Lett. B 766, 334 (2017) o 24t |
. _ R
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Shape evolution in neutron-rich Ru isotopes

Potential energy surfaces for ..Ru isotopes from FRLDM model

saclay

"2iRUso

Scale 0,20 (MeV)

"SR Ugz
Scale 0,20 (MeV)

0.00 0.10 0.20 0.30
Spheroidal Deformation ¢,

"URUe,
Scale 0,20 (MeV)

0.00 0.10 0.20 0.30 0.40
Spheroidal Deformation ¢,

0.10 0.20 0.30
Spheroidal Deformation ¢,

0.00 0.10 0.20 0.30
Spheroidal Deformation ¢,

0.00 0.10 0.20 0.30 0.40
Spheroidal Deformation e,

P. Moeller et al., At. Data Nucl. Data Tabl. 94 (2008)
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Evidence for Triaxiality in 110Ru

| r f u

0

saclay

Empirical conditions for triaxiality on excitation energies
satisfied in neutron-rich Ru isotopes

* Systematics of 2+, energies: E(27) 25004t
approximately constant between | ° o Ru isotopes
108Ry and *Ru (around mid shell) 2000 L 2T

o

* Energy ratio, R,;, never reaches = 1500+ gﬁ -
rigid rotational limit, in contrast §’ g8 4
to Sr and Zr isotopes. % 1000+ Z 3f .

3 oA 4

* Energy of E(2*,) falls below E(4*,) 500+ o Zj -
strong indication for triaxiality | ot 2
according to Triaxial Rotor Model %00 102 104 106 108 110 iz 114 116

Mass number A
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Evidence for Triaxiality in 11ORu ?

| r f u

¢S

Empirical conditions for triaxiality on excitation energies
saclay

satisfied in neutron-rich Ru isotopes

2500 ; 1 " 1 " 1 " 1 " 1 " 1 1
° Ru isotopes
0.

2000 . 2

=
2 .
= 1500+ S,
(o2 :112 6
o B o .
2 4
S 10004 o
2 .o 3,
3 2 RN 41
5001 om0
0 A L A 1 A 0 T T T T T T T T T T T T T T T

0 10 20 30 100 102 104 106 108 110 112 114 116
Y (deg)
Mass number A
From 11°Ru energies y ~ 20
 What about B(E2) values and quadrupole moments ?
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Coulomb excitation results on 10Ru

| r fu
eSd
saclay Coulomb excitation Energies & lifetimes from NNDC
All B(E2) values in e2b?
6+ 1239 6 1240 .
B & 1084° "
0.38(9
( ) 860 3+ 00519 3+ 860
0.31(21
!663 /613 Zh 612
0.29(3) 15(2)0 35(13) 0.28(3)
2t 241 ) QY 2 QP 241
""""""" , 0.21(2
or 02D ?"0'23(1) o+ V( )
Lifetimes and branching rations All excitation energies given in keV
used as constraints for GOSIA calc. All B(E2) values in e%b?

Normalisation to known data from 11°Cd
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Coulomb excitation results on 10Ru

lr fu
&0
saclay Coulomb excitation HFB-GCM(GOA) theory with Gogny D1S Force

All B(E2) values in e?b? 6

6+ 1239 T 1000 0O

0.45 1051 3"
0.38(9 a
( | 860 __ 3" 4
0.31(21)
663 / 613 +

0293) 9%, 3503
24 1/

ot @ 241y \

0.21(2 0.023(1)
O+ ( ) ______________________ '
Q(2*)=-83+39 e fm? Q(2*)=-35 efm?
Lifetimes and branching rations All excitation energies given in keV
used as constraints for GOSIA calc. All B(E2) values in e%b?

Normalisation to known data from 11°Cd
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Evidence for Triaxiality in 110Ru

Y | b(E2;21 — 01) | b(E2;22 — 01) | b(E2525 — 21) ( simme—i
0’ | 1.000 0. 0. .

50 | 0.993 0.0074 0.011 1.49

100 | 0.972 0.028 0.051 1.70

15° | 0.947 0.143 2.70

20° | 0.933 0.357 5.35

257 | 0.955 < 0.865 20.6

30° | 1.000 1.43 0

Table 2: Reduced transition probabilities for several values of ~.

Lifetimes from fast timing: 7(27) = 0.32(2) ns @(25) = 16(7) ps

B(E2;2; = 27)

= 155

B(E2;2; —=07)

2F (O B E2;2+ — 27
B(E2;21 —0") (E2;27 —=07)

~ 1.55(58)

— All B(E2) values in accordance with y ~ 25°
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Perspectives

Ho 67
Dy 66 Quadrupole
Tb 65

N deformation zone
It fu vad64 () @_@
uroscnoo P SR i 153
CED Sm ez =
Pm 61
saclay ’F\JE 5690 / =
Ce 58 , — 102
Octupole Lel 9 & » 100
deformation gaps Cs55 BN [ | [ ]
Xe 54 : 98
153 WY I I 94 96
Te 52 0
Sb 51
Sn 50 @ " 2400 E2+ 7=38-48
In 49 —e— Sr Z=38
Cd 48 PSI 90 2000 \ —a— 7r 7=40
Ag 47 % \ Mo Z=42
Pd 46 — 1 1600 K A Ru z=44
62 64 66 68 70 72 74 76 78 80 82 84 86 < \\ / Pd 7=46
) \ —k— =
e Rhis 103 1200 \\\ ,/ Cd 7=48
Spherical Ru 44 800 AN
robust gaps c43 \\ \
Mo42 100 b
Nb 41 y 400 e
Spherical YZ?:;O ; N~ —d \glva
p 0 . . . . . . .
fragil Sr38( ks ) | v e8] [hed )
ragile gaps Rb 37 ‘ 1991 A1) 48 52 56 60 64 68 72 76
Kr 36 ° ° °
Br 35 F
ission region
As 33 | |
Ge 32 6
Ga 31
Zn 30 0

Cu 29
Ni 28

36

38 40 42 44 46

52

Deformed gaps
11

54 56 58 60 62 64 66 68 70 courtesy D. Verney (I{;NO)




Coulomb excitation studies with low-energy RIBs

lrfu

(&) Drip lines and shell Structure in light nuclei
v’ Drip-line nuclei: 1%Be

v" Mirror nuclei : 2921Na, 2INe

v The “island of inversion” : 2°Na, 303132)|g

saclay

20,21Na 21Ne
I

X )
29Na,303132\|g
®"10p, | ’
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Coulomb excitation studies with low-energy RIBs

| r fu
(&) Evolution of Shell Structure far from stability
saclay v N=28: “Ar

v Z=28, N=40-50 : 68Ni, 67'69'71'73Ci, 68'7O(m)Cu, 74,76,78,802n’ 61Mn, 61Fe
v’ N=Z=50 (1005n) . 106,108,1105n’ 100,102,104C(d
v Z=50, N=82 (1325n): 122'126Cd, 126-134Sn' 132'136Te, 140-144B 4

122,124Cd 126-134Sn

7

132-136Te 138,140Xe
7

140,148,1SOBa

74,76,78,802n 8 Ge
I )
.67'69'71’73CU, 68CU, 70(m)Cu

68Ni
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Coulomb excitation studies with low-energy RIBs

lrfu

. Evolution of nuclear shapes and shape coexistence
saclay N=Z ~ 34: 7058, 74'76Kr,

v' N =~ 60: 88'96KI‘, 96,985r’ 97'99Rb, 1OOZF, 106|\/|O, 110RU,
v N~ 104: 182,184,186,188Hg’ 202,204Rn

I 182,184,186,188Hg A

-
%I 202,204Rn #?
I
ZI - Z
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End of Lecture 3
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