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Shape coexistence along Z=82 and
the stability of the N=126 shell closure

studied using laser ionization spectroscopy
Piet Van Duppen

KU Leuven, Belgium
• Basics of laser spectroscopy

• Shape coexistence in the neutron-deficient mercury isotopes studied with “In 
Source Laser Spectroscopy”

• Comparison with Mean-Field and with Monte Carlo Shell Model calculations

• “In-gas jet Laser Ionization Spectroscopy”: stability of the N=126 shell closure

• Outlook with the S3 – Low Energy Branch project at GANIL – SPIRAL2

• Conclusion
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Laser Spectroscopy: basics

courtesy I.  Moore

Ionization  selectivity
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courtesy W. Nörtershäuser

Isotope Shift

Mass shift
(center of mass motion)

E r

Field shift
(finite size)

Blaum, Dilling, Nörtershäuser
Phys. Scr. T152 (2013)

Laser Spectroscopy: basics
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Deduced observables:
(model independent)

Measured:         Isotope shifts Isomer shifts Hyperfine splitting

Inferred information:
(model dependent)

Single-particle configurations

SpinsQuadrupole Mom. Dipole Mom.

Shapes/deform. parameters

Sizes

Laser Spectroscopy: basics



5 Bonn,- PLB 38 (1972), Hannachi,- ZP A370 (1988), Ma,- PLB167 (1986)
Janssens,- PLB131 (1983), Cole,- PRL37 (1976)  

• Shape coexistence in heavy nuclei: initial indications

185Hg105

isotope shifts → charge radii

N=104

Hg (Z=80)
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• 1,4 GeV protons on molten Pb
• Isotopes diffuse from target
• 3-step laser ionization (RILIS)
• Mass separation
• Ion detection using 3 different 

techniques
• Sensitive: 177Hg (T1/2 = 127 ms) 

0.03 cps

• Laser ionization spectroscopy of mercury isotopes
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Isotope shift,
hyperfine parameters
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FWHM ∼ 5 GHz
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• Charge radii of mercury isotopes
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• DFT – UNEDF1

Energy surface

• Skyrme functional UNEDF1so [1]
 Fine tuned SO and pairing to reproduce No spectroscopy

J. Dobaczewski, A. Pastore          [1] Yue Shi PRC 89, 034309 (2014)
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• Monte-Carlo Shell Model calculation (Y. Tsunoda & T. Otsuka)

• 132Sn core – NN, PP[1], PN [2]
• eff. ch. π = 1.6e / eff. ch. ν = 0.6e / spin quenching = 0.9
• π: 1g7/2  1i13/2 (11 proton orbitals)  / ν: 1h9/2  1j15/2 (13 neutron orbitals)

[1] B.A. Brown, Phys. Rev. Lett. 85, 5300 (2000).
[2] T. Otsuka et al., Phys. Rev. Lett. 104, 012501 (2010).

νπ Energy (MeV)

Z=82

Z=50 N=82

N=126
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Leuven Isotope Separator On-Line (LISOL) facility: 
In-Gas Laser Ionization and Spectroscopy of RIBs (IGLIS)

Yu. Kudryavtsev et al., NIM B 114 (1996) 350 
M . Facina et al., NIM B 226 (2004) 401

buffer gas cell (Ar 500 mbar)

CYCLONE 110
cyclotron beam

SPIG

target

accel.
optics

dipole 
magnet

collector
plates

Ionization 
chamber

measuring 
station:

57Cu(Z=29, N=28, T1/2=196 ms)
Cocolios,- PRL 103  (2009) 102501

97Ag (Z=47, N=50, T1/2= 26 s))
Ferrer,- PLB 728 (2014) 191 

excimer 1

excimer 2

dye

reference
cell

He-Ne 

λ-meter

SHG

Laser system

dye

~ 15 m

Max. rep.: 200 Hz

λ1

λ2
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Production & first laser spectroscopy  tests of Ac

212-215Ac

K. Blaum et al., Phys. Scr. T152 (2013) 014017 

X

2D3/2

4P3/2   5/2

438.58 nm

434.7 nm

g.s.

continuum

22801 .1cm-1

46810.cm-1

I.P. 43394.45 cm-1

197Au(20Ne-145 MeV,4-5n)212,213Ac 
197Au(22Ne-143 MeV,4-5n)214,215Ac 

Limitations of in-gas cell laser spectroscopy:
• Pressure shift and broadening
• Doppler broadening
• Ion-gas interactions
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212Ac {T1/2= 920 ms, I= (6+) }

∼6 GHz
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Laval nozzle
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R. Ferrer et al, Nature Commun. 8, 14520 doi: 10.1038/ncomms14520 (2017)
Yu. Kudryavtsev et al, NIMB61724, (2016) pp. 345-352

In-Gas Jet Laser Ionization Spectroscopy
• stopping in the buffer gas cell
• formation of a gas jet through a ‘de Laval’ nozzle
• homogenous, low-density, cold get
• transport of the ions in Radio Frequency Ion Guides  detection system
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LISOL’s famous last action (*)

* 1/5/1974   - ϯ 6/12/2014
215Ac     T1/2 = 0.17 s  Jπ = (9/2-)

- in gas cell                 - in gas jet

Figures of merit:

 Resolution ~ 5 10-7

(FWHM= 400 MHz)

 Selectivity ~ 200

 Efficiency  ~ 0.5%
(duty cycle 1/10)
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R. Ferrer et al, Nature Commun. 8, 14520 doi: 10.1038/ncomms14520 (2017)
Yu. Kudryavtsev et al, NIMB61724, (2016) pp. 345-352
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Phys. Rev. 98, 1514



19 R. Beerwerth and S. Fritzsche (2016)

Multi-Monfiguration Dirac Fock atomic physics calculations: 
227Ac

Fred,- Phys. Rev. 98 
(1955)

MCDF calculations + 
experimental data on 

227Ac

µlit.= 1.1(1) µN µcalc.= 1.07(18) µN

Qlit.= 1.7(2) eb Qcalc.= 1.74(10) eb
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 Shell Model

Isotones N=125

Q
 (b

)

Isotones N=126

Qexp.  = Bexp

B227 ∙Qcalc.
227

Magnetic dipole moments and electical quadrupole moments

µexp.  =
Aexp ∙ Iexp

A227 ∙ 3/2
∙µcalc.

227µexp.  =

• Shell model calc. are in good agreement with  experimental quadrupole moments (using 
atom. physics input) and magnetic dipole moments

• 208Pb good core for shell model predictions (N=126)

C. Granados,- PRC96 (2017) 054331
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front-end vacuum chamber
- gas cell
- RFQ ion guides

pumping system

beam diagnostics

dipole magnet

measuring       
station

beam optics

IGLIS @ KU Leuven

Optimize gas cell design  
Investigate jet properties
Test new laser schemes



22 IGLIS @ KU Leuven

gas cell RFQ ion guide

RFQ ion guide extraction electrode
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Instituut voor Kern- en 
Stralingsfysica

 temperature, velocity and density jet ‘maps’

4𝐷𝐷3/2

4𝑆𝑆1/2

4𝑃𝑃1/2
𝐹𝐹 = 2′
𝐹𝐹 = 1′

𝐹𝐹 = 2

𝐹𝐹 = 1

𝟔𝟔𝟔𝟔,𝟔𝟔𝟔𝟔𝐂𝐂𝐂𝐂

• Planar Laser Induced Fluorescence (PLIF) - technique

𝑃𝑃𝑏𝑏𝑏𝑏 = 1.8 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

𝑃𝑃𝑏𝑏𝑏𝑏 = 0.16 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

𝑃𝑃𝑏𝑏𝑏𝑏 = 0.07 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

50 mm

Free jet

de Laval



24

• ‘de Laval’ nozzle: Mach 5 v and T jet ‘maps’

Central jet line @ Pbg < Popt

P0 = 389 mbar; Pbg = 0.79 mbar
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• High-intensity heavy ion beams: 
e.g. 48Ca: >10 pµA

• Production of exotic nuclei using heavy-ion 
fusion evaporation reactions

• Super Separator Spectrometer: S3

• Coupling with the In-Gas Laser Ionization 
Spectroscopy concept

IGLIS @ S3LEB - SPIRAL2 - GANIL
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90° deflector
90° deflector

S3-LEB general layout
GAS CELL

RFQs

LASER SYSTEMS
Dye : IGLIS (KULeuven)

Ti:Sa : GISELE (GANIL)

(IPNO/KU Leuven)

(KU Leuven)                               (LPC Caen/GANIL)

(GANIL)

R. Ferrer et al., NIM B 317 (2013) 570
Y. Kudryavtsev et al., NIM B297 (2013) 7
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IGLIS @ S3
 High intensity heavy-ion LINAC: >10 pµA
 Super Separator Spectrometer (S3)
 N=Z nuclei (towards 100Sn) and heavy and 

Super Heavy Elements

Conclusion

• Shape coexistence in the neutron-deficient mercury isotopes
• local phenomena
• Monte Carlo Shell Model calculations: πh9/2 and νi13/2 orbitals

• In-gas jet Laser Ionization Spectrosopy
• stability of the N=126 shell closure
• improved spectral resolution and efficiency

• Exploration of the N=Z line and the heavy element region with the S3 – Low 
Energy Branch project at GANIL – SPIRAL2
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