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Coulomb excitation with 
radioactive ion beams

a tool to study nuclear collectivity and more
• Motivation and introduction 
• Theoretical aspects of Coulomb excitation
• Experimental considerations, set-ups and 

analysis techniques
• Recent experiments and future perspectives  

Lecture given at the 
International School of Physics "Enrico Fermi” 

Varenna, July 2017
Wolfram KORTEN - CEA Paris-Saclay
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Quadrupole deformation of nuclei

M. Girod, CEA

N=Z

Oblate deformed nuclei are far less abundant than prolate nuclei
Shape coexistence possible for certain regions of N & Z

Prolate

Oblate Pb & Bi

N~Z
Fission

fragments

Intern. School of Physics "Enrico Fermi” - July 2017
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Shape coexistence around A=70

74Kr

expected e.g. in:
74Kr3836

68Se3434
70Se3634

72Kr3636

oblate prolate

0+ 0+
2+2+

4+

4+

6+

6+ 8+

Ø Observation of 0+ shape isomers
Ø Coulomb excitation to determine 

shape parameters and configuration mixing 
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[24°, 55°] [55°, 74°] [67°, 97°] [97°, 145°]
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E. Clément et al., Phys. Rev. C 75, 054313 (2007)

Ø 74Kr + 208Pb at 4.7 MeV/u (SPIRAL)
è multi-step Coulomb excitation

Ø g-ray yields as function of scattering angle
(differential excitation cross section)

Ø experimental spectroscopic data
(lifetimes, branching ratios)

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

International School of Physics "Enrico Fermi” - July 2017

Coulomb excitation of 74,76Kr at SPIRAL
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Quadrupole moments (Q0) in 74Kr and 76Kr
74Kr 76Kr
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Ø direct confirmation of the prolate – oblate shape coexistence
Ø first reorientation measurement with radioactive beam
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+ 2.50      eb+0.80
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+ 4.66      eb+0.80
-0.80

+ 5.07      eb+0.70
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- 3.40      eb+1.30
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Experimental results and comparison with theory
prolate oblateQs<0

prolate
Qs>0
oblate

experimental B(E2;¯) [e2fm4]

g vibration

Calculation HFB-Gogny 5-dim GCM

Ø complete set of e.m. matrix elements, incl. static moments
Ø quantitative understanding of shape coexistence and configuration mixing
Ø triaxiality is the key to reproduce experimental data and shape evolution

E. Clément et al., 
Phys. Rev. C 75, 054313 
(2007)

International School of Physics "Enrico Fermi” - July 2017
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Quadrupole deformation from sum rules
Model-independent method to determine 
charge distribution parameters (Q,d) from 
a (full) set of E2 matrix elements

01
+

23
+

22
+

21
+

“intrinsic ground state shape can be determined by a full set of E2 matrix elements
linking the ground state to all (collective) 2+ states

~ Q2 ~ Q3 cos3d

Intern. School of Physics "Enrico Fermi” - July 2017
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70Se 72Se68Se
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What do we know in the N~Z nuclei around A=70 

NSCL HE Coulex
B(E2; 0+ ® 2+)
PRC 80 (2009) 031304 

SPIRAL LE CoulEx: 
Q(21

+,4+,22
+,…  )

PRC 054313 (2007)

HIE-Isolde LE CoulEx: 
Q(21

+,4+,22
+,…  )

planned 2017

REX-Isolde LE CoulEx
stot(0+® 2+) only
PRL 98, 072501 (2007)

343634 383434

70Kr		
3436

72Kr		
3636

74Kr		
3836

International School of Physics "Enrico Fermi” - July 2017
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Ø 70Se on 104Pd at 2.94 MeV/u
Ø integral measurement
Ø excitation probability P(2+) via

normalization to known 104Pd

A.M. Hurst et al., PRL 98, 072501 (2007)
(Univ. Liverpool)

P2+ depends on 
Ø transitional matrix element B(E2)
Ø diagonal matrix element Q0

Ø one measurement,
but two unknowns !

2+

0+

t (2+) = 1.5(3) ps
J. Heese et al., 
Z. Phys. A 325, 45 (1986)

68Se intermediate-energy Coulex GANIL
E. Clément et al., NIM A 587, 292 (2008)

?

Coulomb excitation of 70Se at CERN / ISOLDE

International School of Physics "Enrico Fermi” - July 2017
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Lifetimes in 70Se revisited

GASP and Köln Plunger at Legnaro 

40Ca(36Ar,a2p)70Se

st
op

pe
d

sh
ift

ed

beam

Recoil-distance Doppler shift

70Se
2+ ® 0+

Ø literature value: t = 1.5(3) ps
J. Heese et al., Z. Phys. A 325, 45 (1986)

Ø new lifetime for 2+ in 70Se: t = 3.2(2) ps
J. Ljungvall et al., Phys. Rev. Lett. 100, 102502 (2008)

Heese et al.

Ljungvall et al.

International School of Physics "Enrico Fermi” - July 2017
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70Se 72Se68Se
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What do we know in the N~Z nuclei around A=70 

NSCL HE Coulex
B(E2; 0+ ® 2+)
PRC 80 (2009) 031304 

SPIRAL LE CoulEx: 
Q(21

+,4+,22
+,…  )

PRC 054313 (2007)

HIE-Isolde LE CoulEx: 
Q(21

+,4+,22
+,…  )

planned 2017

REX-Isolde LE CoulEx
stot(0+® 2+) only
PRL 98, 072501 (2007)

NSCL RDDS & HE CoulEx
T1/2 (2+,4+); B(E2; 0+ ® 2+)
PRL 112, 142502 (2014)

RIKEN HE CoulEx & 
“knock-out”
RIBF94 May 2015

343634 383434

70Kr		
3436

72Kr		
3636

74Kr		
3836

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

 MeV2
εa 

 vΔEmax »= ¥!

Low-energy regime 
(< 5 MeV/u)

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

Energy cut-off 0.4)10MeV(β
εa 
 γβ cΔEmax =»= !

Spin cut-off: Lmax: up to 30ћ mainly single-step excitations

Cross section: ds/dq ~ áIi|M(sl)|Ifñ sl~ (Zpe2/ ħc)2 B(sl, 0→l)
differential integral

Luminosity: low mg/cm2 targets high g/cm2 targets
Beam intensity: high >103 pps low a few pps

Comprehensive study of 
low-lying exitations

First exploration of excited
states in very “exotic” nuclei

Intern. School of Physics "Enrico Fermi” - July 2017
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High energy Coulex of 70,72Kr at RIBF
BigRIPS 2nd	target ZDS

72Kr	 Be	3.8mm	71Kr
72Kr	 Au	0.2mm	72Kr

70,71Kr	 Be	3.8mm	70Kr
70,71Kr	 Au	0.5mm	70Kr

Primary	beam:
345	MeV/u	78Kr
up	to	300pnA

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

70Kr + Au (CoulEx) 70,71Kr + Be (inel. & knock-out)

70Kr

70Kr70Kr

70Kr

BigRIPS

ZeroDegree

71Kr

68Se

International School of Physics "Enrico Fermi” - July 2017
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+0 0 keV

+2 710 keV

)+(2 1155 keV

+4 1321 keV

)+(4 2103 keV

)-(3 2461 keV
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Inelastic excitation of 72Kr on Be target

2+® 0+
710(6)	keV

4+® 2+
611(6)	keV

(2+’) ® 0+
1155	keV (3- ) ® 2+

1751	keV

72Kr
(preliminary)

Ø First	observation	of	new	excited	states	(second	2+	and	low-lying	state	3- ?)

72Kr
~1.8	108

International School of Physics "Enrico Fermi” - July 2017
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72Kr g-g coincidence analysis 
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Electromagnetic excitation of 68Se,72Kr on Au target

68Se 72Kr

2+® 0+
854(6)	keV

2+® 0+
710(8)	keV

(2+’)	® 0+
~1155	keV

Ø B(E2)	values	in	72Kr	(and	68Se)	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

CoulEx
lifetime

CoulEx
lifetime

2550	(400)	

4910	(700)	

~1.6	108~1.6	108

International School of Physics "Enrico Fermi” - July 2017
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Electromagnetic excitation of 70Kr on Au target
70Kr

2+® 0+
885(12)	keV

Ø measurement of absolute, 
integrated cross section
Au(70Kr,70Kr*)Au

Ø nuclear contributions taken from 
inelastic scattering on Be target

Ø preliminary result: B(E2; 0+ ® 2+) = 
3400(500) e2fm4

Ø feeding corrections from (observed) 
higher-lying states included

Ø final uncertainty, statistic and 
systematic, expected to be  ~20 %

ECIS calculation
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Collectivity of A=70 T=1 mirror nuclei

+0

+2

)+(2

)+(4

Kr70
+0

+2

+2

+4

)-(3

Se70

945

E	[keV] E	[keV]

885(4)

1471(14)

1917(16)
1600

2039

0.171(9)

B(E2)	[e2fm4]	↑

~0.34(5)

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

D [keV]

-60(4)

-129(14)

-122(16)

International School of Physics "Enrico Fermi” - July 2017
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HFB	Gogny-D1S	
M.Girod	et	al.,

96Sr 98Sr 100Sr 102Sr 104Sr94Sr92Sr

100Zr 102Zr 104Zr 106Zr98Zr96Zr94Zr

94Kr 96Kr 100Kr 102Kr98Kr92Kr90Kr

92Se 94Se 96Se 98Se90Se

96Mo 98Mo 100Mo 102Mo 104Mo 106Mo 108Mo

100Ru 102Ru 104Ru 106Ru 108Ru

Z<40	(Se,	Kr,	Sr)	available	at	standard	ISOL	facilities:	
Isolde/CERN,	ISAC2/Triumf,	SPIRAL2,	SPES,	…
Coulex of	96,98Sr,	97,99Rb,	96Kr,	…

40≦Z≦46	(Zr,	Mo,	Ru,	Pd)	are	refractory	elements	
only	available	at	IGISOL	facilities:	JYFL,	Caribu/ANL
Coulex of	100Zr,	106Mo	&	110Ru

N=60

IS
O
L

IG
IS
O
L

J.-P. DELAROCHE et al. PHYSICAL REVIEW C 81, 014303 (2010)

X(5) model [30]. We conclude that the theory confirms in an
approximate manner the existence of a band structure based on
the 0+

2 excitation but in detail deviates from the β-vibrational
limit in the in-band energetics.

The CHFB+5DCH theory also predicts a 2+
3 excitation

and collective structure on it. This sequence is interpreted as
a quasi-γ -vibrational band, with head level energy slightly
higher than that observed in this nucleus. Our calculated
third 2+ state has the same average ⟨β⟩ deformation as the
ground state, supporting a vibrational interpretation. If it were
a true γ vibration, it should have high probability for the
K = 2 component of the wave function. This probability is
0.64 compared with 0.002 and 0.35 for the 2+

1 and 2+
2 levels,

respectively. Thus, the 2+
3 state has a qualitative character as a

γ vibration but this is diluted by other components. This is to
be expected for a transitional nucleus such as 152Sm.

Important indicators for structure properties are the
strengths for intra- and interband E2 reduced transition
probabilities. B(E2; Ii → If )’s measured by the Georgia
Tech. and Yale collaborations are shown in Table I together
with the CHFB+5DCH calculations. As the two sets of
experimental data display differences, comparison between
B(E2) predictions and measurements necessarily has a global
character. The figure of merit of our theory for 152Sm is as
follows: (i) the intraband transition strengths have right order
of magnitude, especially for the ground-state band; (ii) the
transition between γ and the ground state as well as between
the γ and β bands are too collective; and (iii) the β to
ground-state band transitions display a mixed character. The
theory for the 0+

2 → 2+
1 transition strength is about 60% too

high. Nevertheless, we conclude that the 0+
2 excitation is a

β vibration in 152Sm.
Our present conclusion is that the structure of the ground

state, β, and quasi-γ bands is globally as the 5DCH theory
predicts, but there are probably other components in the
wave functions, such as two-quasiparticle excitations and
pairing isomerism [35] that may have an important large
effect on the out-of-band transitions. More accurate B(E2)
measurements that are underway [36] will be a valuable asset
for making definite statements on the predictive character of
present 5DCH calculations and for disclosing which degrees
of freedom might be missing in the structure models including
the 5DCH one.

TABLE I. Experimental and theoretical E2 transition strengths
B(E2; Ji → Jf ) (e2 fm4) of 152Sm. From left to right: Exp1 and Exp2
are for B(E2) experimental data from Ref. [31] and [29,30,32–34],
respectively, and Th are for 5DCH calculations.

J π
i → J π

f Exp1 Exp2 Th

6+
1 4+

1 11795(347) 11805(241) 12042
4+

1 2+
1 10061(277) 10071(144) 10171

2+
1 0+

1 6938(144) 6938(144) 6671

0+
2 2+

1 1589(194) 1590(110) 2539

2+
2 0+

2 8048(763) 5156(1300) 4732
4+

1 867(97) 915(96) 768
2+

1 277(28) 265(24) 1066
0+

1 46(4) 43(5) 1.2

4+
2 2+

2 12488(2081) 9830(1831) 7505
6+

1 763(208) 193(96) 655
4+

1 291(55) 260(63) 977
2+

1 36(6) 48(9) 27

2+
3 0+

1 179(12) 174(8) 430
2+

1 451(28) 448(24) 77
4+

1 34(3) 38(2) 686
0+

2 2(0.2) <2.4 1376
2+

2 604(42) 1301(193) 7382

3+
1 2+

1 337–819 479
4+

1 337–867 389
2+

2 <25 1974
2+

3 2987–38451 6627

4+
3 2+

1 28(8) 228
4+

1 265(77) 4384
6+

1 58(19) 663
2+

2 9(3) 140
4+

2 <1686 1209
2+

3 2409(723) 5045
3+

1 <12046 4384

IV. GROUND-STATE PROPERTIES

A. Nuclear shapes

We begin by displaying in Fig. 3 the set of nuclei that we
have calculated and included in our tables. This comprised all
even-even nuclei that are stable with respect to two-particle
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FIG. 3. (Color online) Chart of nuclides showing ground state deformations. (a) HFB minimum; (b) expectation value in the 5DCH ground
state. The black curve shows the β-stability line.

014303-6

Coulomb excitation of neutron-rich nuclei at A~100
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96Sr 98Sr 100Sr 102Sr 104Sr94Sr92Sr

100Zr 102Zr 104Zr 106Zr98Zr96Zr94Zr

94Kr 96Kr 100Kr 102Kr98Kr92Kr90Kr

92Se 94Se 96Se 98Se90Se

96Mo 98Mo 100Mo 102Mo 104Mo 106Mo 108Mo

100Ru 102Ru 104Ru 106Ru 108Ru

Z<40	(Se,	Kr,	Sr)	available	at	standard	ISOL	facilities:	
Isolde/CERN,	ISAC2/Triumf,	SPIRAL2,	SPES,	…
Coulex of	96,98Sr,	97,99Rb,	96Kr,	…

40≦Z≦46	(Zr,	Mo,	Ru,	Pd)	are	refractory	elements	
only	available	at	IGISOL	facilities:	JYFL,	Caribu/ANL
Coulex of	100Zr,	106Mo	&	110Ru

Coulomb excitation of neutron-rich nuclei at A~100

N=60

IS
O
L

IG
IS
O
L 96Kr

98Sr

100Zr

J. Skalski et al., 
NPA 617, 282 (1997)
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Evidence for sudden shape changes at N=60

S. Naimi et al., PRL 105 (2010) 032502

Two-neutron separation energies
and mean square radii

Excitation energies of 
first 2+ and 4+ states
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N=58 N=60

Shape transition at N=60 well established from prompt spectroscopy using fission fragments
Investigation of the nuclear shapes through electromagnetic probes :
B(E2) values to probe the collectivity and the mixing of different configurations
Q0 to determine the quadrupole deformation

Coulomb excitation of 96,98Sr
at REX-Isolde (CERN)

Shape evolution in 38Sr isotopes at N=60
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Targ
et8	MINIBALL Ge	cluster detectors	(~7%	efficiency)

DSSSD	for	particle	detection	(proj.	&	recoil)	
Doppler	correction	and	differential	cross	section

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

Coulomb excitation of 96Sr at Rex-Isolde
≈104 pps, (>80% after awaiting Rb decay)
2.82 MeV/u on 109Ag and 120Sn targets
à mainly 1st excited 2+ state populated

Coulomb excitation on “spherical” 96Sr
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E. Clement, M. Zielinska et al,
Phys. Rev. Lett. 116, 022701 (2016)

Coulomb excitation on “deformed” 98Sr

Coulomb	excitation	of	98Sr	at	Rex-Isolde
6.104 pps,	(>80% awaiting	Rb	decay	in	REX-trap)
2.82	MeV/u on	208Pb	and	60Ni	targets
à gs	band	(8+)	and	second	2+ state populated

208Pb target

60Ni target
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Coulomb excitation results on Sr isotopes at N=60

96Sr
Spectroscopic quadr. moment Q0 ~ 0 
despite a quite sizeable B(E2) value
à No static quadrupole deformation 
à Purely vibrational character

98Sr
à The ground state band behaves like a perfect rotor
à The excited configuration is similar to 96Sr
à The B(E2; 02 à 21) indicates strong mixing

96Sr ; N=58 98Sr ; N=60
B(E2↓) =  0.259(8) e²fm4

B(E2↓) =  0.345 (22) e²fm4

B(E2↓) =  046(9)e²fm4

B(E2↓) =  0.34 (5) e²fm4

B(E2↓) =  0.34 (8) e²fm4

B(E2↓) =  0.25(2)e²fm4B(E2↓) = 0.045 (11) e²b4

Qs = -22 (32) efm²

B(E2↓) =  0.002(1) e²fm4

B(E2↓) =  0.027(3)e²fm4

B(E2↓) =  0.0018 (3)e²fm4
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96Sr
Spectroscopic quadr. moment Q0 ~ 0 
albeit the B(E2) is quite sizeable 
à Purely vibrational character (dynamic E2)
à No static quadrupole deformation

96Sr ; N=58 98Sr ; N=60

98Sr
à The ground state band behaves like a perfect rotor
à The excited configuration is similar to 96Sr
à The B(E2; 02 à 21) indicates strong mixing
à The quadrupole moments confirm shape coexistence

Coulomb excitation results on Sr isotopes at N=60

β ~  0.4 |β| < 0.1

|Qs| < 15 efm²

Qs = -187 (25) efm²

Qs = -121(39) efm²

Qs =  -52 (24) efm²

E. Clement, M. Zielinska et al, 
Phys. Rev. Lett 116, 022701 (2016)

B(E2↓) = 0.045 (11) e²b4

Qs = -22 (32) efm²

|β| < 0.1
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Quadrupole moments from Coulomb excitation

adapted from E. Clement et al. Phys. Rev. C 94, 054326
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HFB	Gogny-D1S	
M.Girod	et	al.,

96Sr 98Sr 100Sr 102Sr 104Sr94Sr92Sr

100Zr 102Zr 104Zr 106Zr98Zr96Zr94Zr

94Kr 96Kr 100Kr 102Kr98Kr92Kr90Kr

92Se 94Se 96Se 98Se90Se

96Mo 98Mo 100Mo 102Mo 104Mo 106Mo 108Mo

100Ru 102Ru 104Ru 106Ru 108Ru

Z<40	(Se,	Kr,	Sr)	available	at	standard	ISOL	facilities:	
Isolde/CERN,	ISAC2/Triumf,	SPIRAL2,	SPES,	…
Coulex of	96,98Sr,	97,99Rb,	96Kr,	…

40≦Z≦46	(Zr,	Mo,	Ru,	Pd)	are	refractory	elements	
only	available	at	IGISOL	facilities:	JYFL,	Caribu/ANL
Coulex of	100Zr,	106Mo	&	110Ru

Coulomb excitation of neutron-rich nuclei at A~100
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J.-P. DELAROCHE et al. PHYSICAL REVIEW C 81, 014303 (2010)

X(5) model [30]. We conclude that the theory confirms in an
approximate manner the existence of a band structure based on
the 0+

2 excitation but in detail deviates from the β-vibrational
limit in the in-band energetics.

The CHFB+5DCH theory also predicts a 2+
3 excitation

and collective structure on it. This sequence is interpreted as
a quasi-γ -vibrational band, with head level energy slightly
higher than that observed in this nucleus. Our calculated
third 2+ state has the same average ⟨β⟩ deformation as the
ground state, supporting a vibrational interpretation. If it were
a true γ vibration, it should have high probability for the
K = 2 component of the wave function. This probability is
0.64 compared with 0.002 and 0.35 for the 2+

1 and 2+
2 levels,

respectively. Thus, the 2+
3 state has a qualitative character as a

γ vibration but this is diluted by other components. This is to
be expected for a transitional nucleus such as 152Sm.

Important indicators for structure properties are the
strengths for intra- and interband E2 reduced transition
probabilities. B(E2; Ii → If )’s measured by the Georgia
Tech. and Yale collaborations are shown in Table I together
with the CHFB+5DCH calculations. As the two sets of
experimental data display differences, comparison between
B(E2) predictions and measurements necessarily has a global
character. The figure of merit of our theory for 152Sm is as
follows: (i) the intraband transition strengths have right order
of magnitude, especially for the ground-state band; (ii) the
transition between γ and the ground state as well as between
the γ and β bands are too collective; and (iii) the β to
ground-state band transitions display a mixed character. The
theory for the 0+

2 → 2+
1 transition strength is about 60% too

high. Nevertheless, we conclude that the 0+
2 excitation is a

β vibration in 152Sm.
Our present conclusion is that the structure of the ground

state, β, and quasi-γ bands is globally as the 5DCH theory
predicts, but there are probably other components in the
wave functions, such as two-quasiparticle excitations and
pairing isomerism [35] that may have an important large
effect on the out-of-band transitions. More accurate B(E2)
measurements that are underway [36] will be a valuable asset
for making definite statements on the predictive character of
present 5DCH calculations and for disclosing which degrees
of freedom might be missing in the structure models including
the 5DCH one.

TABLE I. Experimental and theoretical E2 transition strengths
B(E2; Ji → Jf ) (e2 fm4) of 152Sm. From left to right: Exp1 and Exp2
are for B(E2) experimental data from Ref. [31] and [29,30,32–34],
respectively, and Th are for 5DCH calculations.

J π
i → J π

f Exp1 Exp2 Th

6+
1 4+

1 11795(347) 11805(241) 12042
4+

1 2+
1 10061(277) 10071(144) 10171

2+
1 0+

1 6938(144) 6938(144) 6671

0+
2 2+

1 1589(194) 1590(110) 2539

2+
2 0+

2 8048(763) 5156(1300) 4732
4+

1 867(97) 915(96) 768
2+

1 277(28) 265(24) 1066
0+

1 46(4) 43(5) 1.2

4+
2 2+

2 12488(2081) 9830(1831) 7505
6+

1 763(208) 193(96) 655
4+

1 291(55) 260(63) 977
2+

1 36(6) 48(9) 27

2+
3 0+

1 179(12) 174(8) 430
2+

1 451(28) 448(24) 77
4+

1 34(3) 38(2) 686
0+

2 2(0.2) <2.4 1376
2+

2 604(42) 1301(193) 7382

3+
1 2+

1 337–819 479
4+

1 337–867 389
2+

2 <25 1974
2+

3 2987–38451 6627

4+
3 2+

1 28(8) 228
4+

1 265(77) 4384
6+

1 58(19) 663
2+

2 9(3) 140
4+

2 <1686 1209
2+

3 2409(723) 5045
3+

1 <12046 4384

IV. GROUND-STATE PROPERTIES

A. Nuclear shapes

We begin by displaying in Fig. 3 the set of nuclei that we
have calculated and included in our tables. This comprised all
even-even nuclei that are stable with respect to two-particle
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FIG. 3. (Color online) Chart of nuclides showing ground state deformations. (a) HFB minimum; (b) expectation value in the 5DCH ground
state. The black curve shows the β-stability line.
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GRETINA-CHICO2

100Zr at	3.84	MeV/u	(10/2014),	110Ru	at	3.91	MeV/u	(11/2014), 106Mo	at	3.91	MeV/u	(04/2015)

CAlifornium	Rare	Isotope	Breeder	Upgrade	

6 Guy Savard, Argonne National Laboratory                      SMI13, Jyvaskyla,  June 12, 2013 

CARIBU gas catcher: transforms fission recoils 

into a beam with good optical properties 
� Based on smaller devices developed at ANL 

– Radioactive recoils stop in sub-ppb level impurity Helium gas 
–  Radioactive ion transport by RF field + DC field + gas flow 
– Stainless steel and ceramics construction (1.2 m length, 50 cm 

inner diameter) 
– Fast  and essentially universally applicable  
– Extraction in 2 RFQ sections with ʅRFQs for differential pumping 
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CARIBU beams 
from ATLAS

γ-ray
spectroscopy

Particle detection
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• ToF

Beam monitoring
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Ge beam Dump
Detector 

1.5 mg/cm2

208Pb target
98.86% 
purity

PPACs

CHICO2 GRETINA

Coulomb excitation set-up at CARIBU
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Scattered	lead
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Particle detection with Chico2
• Scattering angle
® important for Doppler correction (together with GRETINA position determ.)
• Time of Flight (for kinematical coincidences)
® extremely important for mass identification (DA/A~10%)

Coulomb excitation of 110Ru

CARIBU beam 
from ATLAS

110Ru@440 MeV
~3-5 103 pps
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Coulomb excitation of 110Ru at CARIBU
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Partial	110Ru	level	scheme,	showing	only	
transitions	as	observed	in	the	present	work	
D.	Doherty	et	al.,	Phys.	Lett.	B	766, 334	(2017)

A=110	mass	gate	and	131Xe	
background	subtracted

110Ru
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Shape evolution in neutron-rich Ru isotopes
Potential energy surfaces for 44Ru isotopes from  FRLDM model  

P. Moeller et al., At. Data Nucl. Data Tabl. 94 (2008) 
International School of Physics "Enrico Fermi” - July 2017
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170 Y.B. Wang, J. Rissanen

Fig. 1 Systematics of low-lying
excited levels in even-mass Ru
isotopes. The levels in the
ground-state band (open
triangles, blue) and in the
γ -band (open circles, red) are
connected with dotted lines.
The first excited 0+ levels and
the third 2+ levels (solid stars,
black) are connected by solid
lines. See text for more details

the energies of the 2+
2 levels have a minimum at N = 68. The level energies in the

ground state and gamma bands start to increase again at A = 114. The sum rule of
2+

1 + 2+
2 ≈ 3+

1 as well as having the second 2+ state below the first 4+ state and the
characteristic gamma band indicates that the Ru isotopes have triaxial shapes, which
has been supported also by several theoretical calculations [50, 55, 56].

The energies of the first excited 0+ states are increasing whereas those of the 2+
3

states are decreasing smoothly as a function of mass number up to A = 108. The
sudden kink at A = 110 suggests a possible change in the nature of the 0+ states from
a β-band-like structure to an intruder excitation. These structures exhibit different
behaviours in the level systematics of odd Pd isotopes, see Fig. 2 for a comparison.
Unfortunately, the excited 0+ states have not been observed for the most neutron-
rich Ru isotopes (A = 112, 114).

3.2 Pd nuclei

The systematics of low-lying levels in neutron-rich doubly-even Pd nuclei is shown
in Fig. 2. The series of IGISOL β-decay experiments enabled identification of a
large number of new levels in 110−118Pd isotopes that substantially extend the level
systematics for these isotopes. Low-spin levels or band-heads of different origins
have been observed enriching the spectroscopic information of Pd nuclei. As already
mentioned, Pd nuclei are predicted to exhibit transitional features of triaxiality and
γ softness when approaching the neutron midshell [1]. While vibrational degrees of
freedom are important for lower mass 106,108Pd isotopes [57], the gradual decrease
of excitation energies of yrast states indicates the increase of deformation up to
114Pd followed by a smooth transition towards diminishing deformation in 116Pd and
118Pd isotopes. The systematics of B(E2, 0+

1 → 2+
1 ) values in Pd nuclei is presented

in [18], which shows a smooth development of collectivity when approaching to the
neutron midshell. A B(E2, 0+

1 → 2+
1 ) = 51(9) W.u. in 114Pd is close to the value in

110Pd. A relatively large deformation β = 0.24(1) in 114Pd indicates that the rotational
collectivity reaches its maximum around the neutron midshell, which is consistent
with the theoretical predictions [1].

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

• Systematics	of	2+1 energies:	E(2+)
approximately	constant	between	
108Ru	and	114Ru	(around	mid	shell)

• Energy	ratio,	R42 never	reaches	
rigid	rotational	limit,	in	contrast		
to	Sr	and	Zr	isotopes.	

• Energy	of	E(2+2) falls	below	E(4+1)
strong	indication	for	triaxiality	
according	to	Triaxial Rotor	Model

Evidence for Triaxiality in 110Ru

International School of Physics "Enrico Fermi” - July 2017
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Fig. 1 Systematics of low-lying
excited levels in even-mass Ru
isotopes. The levels in the
ground-state band (open
triangles, blue) and in the
γ -band (open circles, red) are
connected with dotted lines.
The first excited 0+ levels and
the third 2+ levels (solid stars,
black) are connected by solid
lines. See text for more details

the energies of the 2+
2 levels have a minimum at N = 68. The level energies in the

ground state and gamma bands start to increase again at A = 114. The sum rule of
2+

1 + 2+
2 ≈ 3+

1 as well as having the second 2+ state below the first 4+ state and the
characteristic gamma band indicates that the Ru isotopes have triaxial shapes, which
has been supported also by several theoretical calculations [50, 55, 56].

The energies of the first excited 0+ states are increasing whereas those of the 2+
3

states are decreasing smoothly as a function of mass number up to A = 108. The
sudden kink at A = 110 suggests a possible change in the nature of the 0+ states from
a β-band-like structure to an intruder excitation. These structures exhibit different
behaviours in the level systematics of odd Pd isotopes, see Fig. 2 for a comparison.
Unfortunately, the excited 0+ states have not been observed for the most neutron-
rich Ru isotopes (A = 112, 114).

3.2 Pd nuclei

The systematics of low-lying levels in neutron-rich doubly-even Pd nuclei is shown
in Fig. 2. The series of IGISOL β-decay experiments enabled identification of a
large number of new levels in 110−118Pd isotopes that substantially extend the level
systematics for these isotopes. Low-spin levels or band-heads of different origins
have been observed enriching the spectroscopic information of Pd nuclei. As already
mentioned, Pd nuclei are predicted to exhibit transitional features of triaxiality and
γ softness when approaching the neutron midshell [1]. While vibrational degrees of
freedom are important for lower mass 106,108Pd isotopes [57], the gradual decrease
of excitation energies of yrast states indicates the increase of deformation up to
114Pd followed by a smooth transition towards diminishing deformation in 116Pd and
118Pd isotopes. The systematics of B(E2, 0+

1 → 2+
1 ) values in Pd nuclei is presented

in [18], which shows a smooth development of collectivity when approaching to the
neutron midshell. A B(E2, 0+

1 → 2+
1 ) = 51(9) W.u. in 114Pd is close to the value in

110Pd. A relatively large deformation β = 0.24(1) in 114Pd indicates that the rotational
collectivity reaches its maximum around the neutron midshell, which is consistent
with the theoretical predictions [1].

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

From	110Ru	energies	g ~ 20	
• What	about	B(E2)	values	and	quadrupole	moments	?

Evidence for Triaxiality in 110Ru ?

International School of Physics "Enrico Fermi” - July 2017
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Coulomb excitation results on 110Ru

All	excitation	energies	given	in	keV
All	B(E2)	values	in	e2b2

Lifetimes	and	branching	rations	
used	as	constraints	for	GOSIA	calc.
Normalisation	to	known	data	from	110Cd

0 0

2 241

4 664

6 1240

2 612

3 860

4 1084 0 1137

110Ru exp

0.21(2)

0.28(3)

0.45(19)

0

2 241

4 663

6 1239

2613

3860

0.21(2)

0.29(3)

0.38(9)

0.35(13)

0.023(1)

0.015(2)

0.31(21)

Energies	&	lifetimes	from	NNDCCoulomb	excitation
All	B(E2)	values	in	e2b2
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Coulomb excitation results on 110Ru

All	excitation	energies	given	in	keV
All	B(E2)	values	in	e2b2

Lifetimes	and	branching	rations	
used	as	constraints	for	GOSIA	calc.
Normalisation	to	known	data	from	110Cd
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HFB-GCM(GOA)	theory	with	Gogny D1S	Force

Q(2+)=-83±39	e	fm2 Q(2+)=-35	efm2
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Evidence for Triaxiality in 110Ru

B(E2;22+ → 21+ )
B(E2;22+ → 0+ )

 =  15.5

 τ (21+ ) =  0.32(2) ns  τ (22+ ) =  16(7) psLifetimes	from	fast	timing:		 Coulex:	

B(E2;22+ → 0+ )
B(E2;21+ → 0+ )

 ≈  0.07
B(E2;22+ → 21+ )
B(E2;21+ → 0+ )

 ≈  1.55

® All B(E2) values in accordance with γ ~ 25˚

(58)(2)
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29Na,30,31,32Mg

Z=28

Z=50

N
=4
0

Z=82

20

N
=5
0

N
=8
2

Drip	lines	and	shell	Structure	in	light	nuclei
ü Drip-line	nuclei:	10Be
üMirror	nuclei	:	20,21Na,	21Ne	
ü The	“island	of	inversion”	:	29Na,	30,31,32Mg

Coulomb excitation studies with low-energy RIBs

10Be

20,21Na,21Ne

International School of Physics "Enrico Fermi” - July 2017
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67,69,71,73Cu,	68Cu,	70(m)Cu
68Ni

74,76,78,80Zn,	82Ge

106,108,110Sn

122,124Cd,	126-134Sn
132-136Te, 138,140Xe
140,148,150BaZ=28

Z=50

N
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0

Z=82

20
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N
=8
2

Evolution	of	Shell	Structure	far	from	stability
ü N=28: 44Ar	
ü Z=28,	N=40-50	:	68Ni,	67,69,71,73Ci,	68,70(m)Cu,	74,76,78,80Zn,	61Mn,	61Fe
ü N=Z=50	(100Sn)	:	106,108,110Sn,	100,102,104Cd
ü Z=50,	N=82	(132Sn):	122-126Cd,	126-134Sn,	132-136Te,	140-144Ba

Coulomb excitation studies with low-energy RIBs

International School of Physics "Enrico Fermi” - July 2017
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Evolution	of	nuclear	shapes	and	shape	coexistence
ü N=Z	» 34:	70Se,	74,76Kr,	
ü N	» 60:					88-96Kr,	96,98Sr,	97,99Rb,	100Zr,	106Mo,	110Ru,
ü N	» 104:		182,184,186,188Hg,	202,204Rn
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96Sr,	88-94Kr

182,184,186,188Hg
202,204Rn

Coulomb excitation studies with low-energy RIBs

International School of Physics "Enrico Fermi” - July 2017



Wolfram KORTEN 45

End of Lecture 3
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