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LASER SPECTROSCOPY
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– Atomic levels are influenced by nuclear effects – size, mass, moments

– Precise measurement allows extraction of these observables

– Applicable to short-lived isotopes and isomers
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Accessible observables:
• (difference in) mean-square nuclear

charge radii
• Magnetic dipole moment
• Electric quadrupole moment
• Static deformation parameters
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LASPEC AT CARIBU
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– CARIBU: 252Cf >1C (4x1010Bq)  10mC spontaneuous fission source

– Inside gas catcher to provide slow beams, have been used for mass measurements

– Fission peaks offset from 235U fission – potential for unique beams

– Chemistry of refractory metals is avoided



PHYSICS IN THE N=60 REGION
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F. C. Charlwood et al., Phys. Lett. B 674, 23 (2009)

D. T. Yordanov et al., PRL 110, 192501 (2013)

P. Möller, A. J. Sierk, T. Ichikawa, and H. Sagawa, At. Data Nucl. Data Tables 109-110, 1 (2016)

linearity of qp moments in Cd 
isotopes in the h11/2 orbital

deformation in mid-shell isotopes 
across the nuclear chart

shape changes and 
collectivity in N=60 isotopes



INSTALLATION OF ATLANTIS
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– Starting in 2021, we installed:

• ~10m of transport beamline

• A new laser ablation source

• A new cooler/buncher

• The collinear LS beamline

• A laser lab

May 2020

July 2022



ATL-LAS

6

− New, reliable pulse laser with ~50mJ, 100Hz, Nd:YAGx2

− Confirmed beams: Pd, Ru, Rh, Gd, Sm, Zr, Ti

− Target swap < 2h beam-beam

Picture of the

actual setup

PIEZO-ACTUATED

MIRROR

LASER

TARGET

CHAMBER

„pure“ targets



COOLER/BUNCHER

− Bunching compresses the beam into a short time window

– time focussing:
• make the bunch as short as possible

– ion stacking
• collect as many ions as possible in one bunch
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COOLER/BUNCHER

− Bunching compresses the beam into a short time window

– time focussing:
• make the bunch as short as possible

– ion stacking
• collect as many ions as possible in one bunch
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Storage times > 30s
( > 𝑡 Τ1 2

for low-rate isotopes )
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z
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1:107 

background 
suppression (vs. cw)

∆𝑡 < 1𝜇𝑠
∆𝐸 < 40𝑀𝐻𝑧 3𝑉

eff.: ~80%



ATOMIC BEAMS
• upgraded charge-exchange cell developed by Felix Sommer

• optimized for higher temperatures to work with Magnesium

• Near-resonant charge exchange (neutralization) with Ru/Pd ions

• no reflow, small apertures
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silicon-oil cooled 
„cold ends“ 
~70°C

beams 
(ions+laser)

hot center (~400°C), 
filled with Mg – neutralizes beam in-flight

hot apertures to 
prevent condensation

340nm

360nm



CHARGE EXCHANGE CELL
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– one fill (~5g) lasted for 2-3 weeks

– operation at  ~360°C – no sidepeaks visible

– efficient g.s. population for Pd & Ru (+Tc, Rh)

Ionization Potential 7.65eV

T (1Pa) 428°C

Melting point 650°C

no side-peaks

„cleaned“ 114Pd 

beam

tstorage = 30s
Si

kicker +V

CEC
Pd0

Pd+

– test the efficiency with simple kicker

– „purify“ beam with long storage time inside the buncher

do we store β-decay products in the buncher?

Nuclear Recoil: ~10eV

252Cf fission yield



LASER SPECTROSCOPY AT CARIBU
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− Probed over 33 isotopes of 4 different elements in several weeks in November 2022 & March 2023

− many radioactive isotopes that have never been investigated with LS before

− „Complete“ data sets for Ru, complementary Pd data and first hints of Rh & Tc

− Rh, Tc are more difficult due to

• Lack of stable references

• Uneven nuclear spin (p uneven)

Cf-252 spontaneous fission yield from CARIBU 2022 (x1000)

118Pd with only 10‘s/s



RUTHENIUM

− Measured the optical spectra of 9 neutron-rich 
Ruthenium isotopes

− More data than presented here 
− search & exclude, statistics, systematics

− Referenced on stable/offline 102Ru 
− Produced in laser ablation ion source
− Similar beam properties due to bunching

− Confirmed the spin-1/2 assignment for Ru-113

− No isomers were detected 
− adds some ambiguity to some datasets where 

isomeric half-lives are long
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KING PLOT ANALYSIS
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– Isotope shift:

– (Re-) measured stable isotopes: 96, 98, 99, 100, 101, 102, 104

– Improved errors by a factor 2-5

– Use known nuclear charge-radii to interpolate the mass and field shift

D. H. Forest et al., J. Phys. G: Nucl. Part. Phys. 41, 25106 (2014)



NUCLEAR CHARGE RADII IN THE TIN REGION
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– New measurements in the Ruthenium isotopic chain

– Statistical uncertainties negligible. Systematic errors can change the 

slope.

– Isotopic chains offset by 0.5 fm2

– Ruthenium: 9 radioactive isotopes measured (106-114)

Sn: F. Le Blanc et al., Phys. Rev. C 72 (2005).

Cd: M. Hammen et al., PRL 121, 102501 (2018)

Pd: S. Geldhof et al., PRL 128, 152501 (2022)

Mo: F. C. Charlwood et al., Phys. Lett. B 674, 23 (2009).

Zr: P. Campbell et al., PRL 89, 82501 (2002).



NUCLEAR CHARGE RADII OF RUTHENIUM ISOTOPES
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S. Geldhof et al., PRL 128, 152501 (2022)

BSkG1: W. Ryssens, G. Scamps, S. Goriely, and M. Bender, Eur. Phys. J. A 58 (2022)

Octupoleβ3

„Skyrme–Hartree–Fock–Bogoliubov mass
models on a 3D mesh“ (triaxial, reflection-
asymmetric)

FRDM: P. Möller, A. J. Sierk, T. Ichikawa, and H. Sagawa, At. Data Nucl. Data Tables 109-110, 1 (2016)

RMF: Lalazissis, G. A., et al., G. A. Lalazissis, S. Raman, and P. Ring, At. Data Nucl. Data Tables 71, 1 (1999)

• RMF: Relativistic mean-field calculations
• FRDM: finite-range droplet macroscopic and the folded-Yukawa 

single-particle microscopic nuclear-structure models



NUCLEAR CHARGE RADII OF RUTHENIUM ISOTOPES
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BSkG1: W. Ryssens, G. Scamps, S. Goriely, and M. Bender, Eur. Phys. J. A 58 (2022)

„Skyrme–Hartree–Fock–Bogoliubov mass
models on a 3D mesh“ (triaxial, reflection-
asymmetric)

FRDM: P. Möller, A. J. Sierk, T. Ichikawa, and H. Sagawa, At. Data Nucl. Data Tables 109-110, 1 (2016)

RMF: Lalazissis, G. A., et al., G. A. Lalazissis, S. Raman, and P. Ring, At. Data Nucl. Data Tables 71, 1 (1999)

• RMF: Relativistic mean-field calculations
• FRDM: finite-range droplet macroscopic and the folded-Yukawa 

single-particle microscopic nuclear-structure models

Ru



STATIC QUADRUPOLE? DEFORMATION
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– LS mean-square nuclear charge radii are sensitive to the r2-

long-range part of the nuclear wave function

– This includes nuclear deformation parameters βi

– Extract β2 from nuclear spectroscopy B(E2) strength and plot 

difference to spherical Liquid drop model (LDM)

– Can β2 explain the full LDM deviation?

Black: (new) data

Blue: β2 from B(E2)

Change from prolate to oblate deformation calculated with HFB method, Gogny functional D1M K. Nomura, R. Rodríguez-Guzmán, and L. M. Robledo, PRC 94 (2016).



FUTURE AT (NU)CARIBU
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– Upgrading CARIBU to neutron induced 235U (and other actinides) fission

– Protons from 7MeV tandem → 7Li converter target

– Neutron moderator to 2.3MeV fission cross section maximum

– PAC-approved proposals for:

• Cer/Neodymium (inversion of β2-values beyond N=90)

• Technetium (NCR of radioactive Tc isotopes)

– Lanthanum 2+ (by FRIB / BECOLA group, K. Minamisono)

– collinear measurement of 10,11B

B. Cheal et al., J. Phys. G: Nucl. Part. Phys. 29, 2479 (2003)

NUDAT database Ce 150,152

Nd 152,154

compiled from NUDAT



ATLANTIS - ARGONNE TANDEM HALL LASER BEAMLINE FOR ATOM AND ION SPECTROSCOPY
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N=126

2222

– New low-energy experimental area at ANL

– target/gas catcher combination behind ATLAS accelerator

– uses the cooler/buncher design from CARIBU

– copy of ATL-LAS is being built 

– in early commissioning phase

key experiments

– decay station (X-Array)

– mass measurements (CPT)

– laser spectroscopy
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Production in 136Xe → 198Pt reaction

N=126



LASER SPECTROSCOPY
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Accessible observables:
• (difference in) mean-square nuclear

charge radii
• Magnetic dipole moment
• Electric quadrupole moment
• Static deformation parameters

scan frequency

count
photons

p-wave

𝜓𝑝

photon Single-photon 
detetor

absorption:

(spontaneous) emission:

𝜓𝑠

s orbital

𝜓 0 2 > 0

𝜓 0 2 = 0

p orbital

– probing the electromagnetic interaction of electrons and nuclei

– bound-state electrons provide a non-destructive method to probe the nuclear volume 

Scattering

Ae-, α, A
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