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Bridging atomic and nuclear physics

Atomic Physics

Nuclear Physics

Internal conversion
 peninsula

 decay bay

hyperfine shore

The borderline between atomic and
nuclear physics

exploring nuclear properties via
atomic physics experiments
YESTERDAY and leftovers

nuclear processes directly
involving atomic electrons
TODAY

AP, Contemporary Physics 51, 471 (2010)
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Nuclear effects in atomic transitions

NUCLEAR PROPERTY EFFECT ON ATOMIC STRUCTURE

size or radius field (volume) shift

mass M, nuclear recoil normal and specific mass shift

spin and magnetic moment

quadrupole moment 

magnetic hyperfine splitting  

quadrupole hyperfine splitting 

polarizability

weak interaction

excited states 

nuclear polarization shifts

parity non-conservation

nuclear transitions involving electrons
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HFS

Splittings or shifts of fine structure levels due to the interaction of
nuclear multipole moments with the electromagnetic field created by
the electrons at the nucleus

magnetic dipole moment associated to spin

~F =~I + ~J

electric quadrupole moment - deviation from spherical charge
distribution
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Laser spectroscopy

EBIT
LLNL ESR

GSI

Pb81+

Hyperfine splitting for some heavy H-like ions
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DR very close to threshold

HFS of 4s1/2 and 4p1/2 in 207Pb53+ (comparing to 208Pb53+)
very low-energy electron captured in Rydberg state!
R. Schuch, E. Lindroth et al., PRL 95, 183003 (2005)

HFS of 2s state in 45Sc18+ using DR Rydberg resonances
M. Lestinsky, E. Lindroth et al., PRL 95, 183003 (2005)

TRICKS: low-energy electron and Rydberg state!

hyperfine induced transitions: 2s2p 3P0 → 2s2 1S0 in Be-like
47Ti18+

S. Schippers et al., PRL 98, 033001 (2007)
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Nuclear hyperfine mixing in 229Th

The lowest known excited nuclear state at only 8 eV in 229Th

In 229Th89+ the very strong 28 MT magnetic field of the unpaired
electron mixes F = 2 states

V. M. Shabaev et al., arXiv:2109.01642 [physics.atom-ph]
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Disclaimer

So far the picture is not completely realistic!

To include:

effect of extended nuclear charge distributions on magnetic
interactions (Breit-Rosenthal correction)

the nuclear dipole moment is not point-like, but the nuclear
magnetization distribution should be considered
(Bohr-Weisskopf correction)



Introduction HFS Nuclear Polarization Nuclear processes involving electrons NEEC IC Conclusions

Nuclear polarization
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What does this mean?

Due to exchange of virtual photons, nucleus undergoes virtual
transitions to excited states!

∆E ∼ (En − Ea)−1

Main theoretical challenge for high-precision tests of QED!
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Nuclear level schemes

200 meV for K-shell electron

three orders of magnitude smaller!
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Bridging atomic and nuclear physics

Atomic Physics

Nuclear Physics

Internal conversion
 peninsula

 decay bay

hyperfine shore

The borderline between atomic and
nuclear physics

exploring nuclear properties via
atomic physics experiments

nuclear processes directly
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Nuclear processes involving
electrons
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The interface of atomic and nuclear physics

Atomic Physics

Nuclear Physics

 decay bay

hyperfine shore

Internal conversion
 peninsula

Electron bridge bay

nuclear processes directly involving atomic electrons

- electron capture (EC) + bound beta decay

p + eb → n + νe

n→ p + eb + ν̃e

- bound beta decay
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The interface of atomic and nuclear physics

Atomic Physics

Nuclear Physics

 decay bay

hyperfine shore

Internal conversion
 peninsula

Electron bridge bay

nuclear processes directly involving atomic electrons

K L Continuum

e

internal conversion (IC) + inverse process
nuclear excitation by electron capture (NEEC)

chronologically, IC - 1924, NEEC - 1976
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The interface of atomic and nuclear physics

Atomic Physics

Nuclear Physics

 decay bay

hyperfine shore

Internal conversion
 peninsula

Electron bridge bay

nuclear processes directly involving atomic electrons

K L Continuum

e

bound internal conversion (BIC) + inverse process
nuclear excitation by electron transition (NEET)
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Electron recombination processes
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direct process

any electron energy
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Total NEEC cross section

NEEC + γ total cross section as function of continuum electron
energy

σ(E) =
2π2

p2

Ad→f
γ Y i→d

n

Γd
Ld (E − Ed )

natural width Γd ∼ 10−5 − 10−8 eV
resonance strength S ∼ 1 b eV

Pálffy, Scheid, Harman, PRA 73 (2006) 012715

Continuum electrons have a narrow resonance condition to fulfill!
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Total NEEC cross section

NEEC + γ total cross section as function of continuum electron
energy

S =
2π2

p2

Ad→f
γ Y i→d

n

Γd

natural width Γd ∼ 10−5 − 10−8 eV
resonance strength S ∼ 1 b eV

Pálffy, Scheid, Harman, PRA 73 (2006) 012715

Continuum electrons have a narrow resonance condition to fulfill!
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Interaction mechanisms

Coulomb interaction (E transitions)

Hen =

∫
d3rn

ρn(~rn)

|~re −~rn|

Virtual photon exchange (M transitions)

Hmagn = −1
c
~α

∫
d3rn

~jn(~rn)

|~r −~rn|

Matrix elements:
nuclear via reduced transition probability B(E/ML)

electronic wavefunctions via GRASP92 for bound electrons
Dirac equation with effective charge for continuum electrons.
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NEEC in isomers

• excitation mechanism via gateway state above the isomer

Isomer depletion

Pálffy, Evers, Keitel, Phys. Rev. Lett. 99, 172502 (2007)
Gunst, Litvinov, Keitel, Pálffy, Phys. Rev. Lett. 112, 082501 (2014)
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NEEC in a beam-target scenario

• First experimental evidence of NEEC was reported in a beam-target scenario

• Depletion probability Pexc = 0.01 per 93mMo

was reported

C. J. Chiara et al., Nature, 554, 216 (2018)

• Observed excitation probability was

attributed to NEEC process

• A theoretical analysis of NEEC rates for the

experimental setting reports Pexc = 10−11!

Wu, Keitel, Pálffy, Phys. Rev. Lett. 122, 212501 (2019)

• Debate is still in progress.
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IC
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Inverse process of NEEC

Fermi’s golden rule

ΓIC =
2π
Ninit

∑
init.states

∑
fin.states

∣∣∣〈Ψfin| Ĥ |Ψinit〉
∣∣∣2 ρfin

The same Hamilton operators as for NEEC, Ĥen or Ĥmagn.

IC coefficient α = ΓIC
γ-decay rate
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IC for 229Th

Unique nuclear isomer with
Em = 8.2 eV

M1 transition at E ' 10 eV
γ-decay rate ∝ E3 is small
⇒ α is large

In neutral atoms α ' 109

F. F. Karpeshin et al. PRC 76, 054313
(2007)

Ion charge 0 1+ 2+ 3+ 4+
Ion. threshold (eV) 6.3 12.1 20.0 28.7 58
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Isomer energy

Em = 8.28± 0.17 eV by IC electron spectroscopy

A MATTER 
OF TIME
Improved 
insight into 
thorium isomer 
brings nuclear 
clock closer to 
reality    
PAGES 202, 238 & 243

PALAEOANTHROPOLOGY

HEAD START 
FOR A HOMININ

Cranium fossil rewrites 
history for Australopithecus

PAGES 200, 214 & 220

STRUCTURAL BIOLOGY

FEELING 
THE FORCE

Piezo ion channels shed light 
on the mechanics of touch

PAGES 199, 225 & 230

SOCIAL SCIENCE

THEATRE 
OF HATE

The dynamics that drive 
hostility on social media

PAGES 203 & 261

NATURE.COM
12 September 2019  £10

Vol. 573, No. 7773

OUTLOOK
Opioids
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Experimental scheme

Experimental setup at LMU Munich
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Experimental scheme

Step 1: Generation of Th ions in the isomeric state
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Experimental scheme

Step 2: Th neutralization and collecting of IC electrons
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Experimental scheme

Step 3: Measurement of the IC electron energies

Electric
retarding-field unit

MCP detector

Solenoid
coil
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retarding-field
spectrometer
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IC at low energies
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Theory to include

initial excited electronic states
all possible final excited electronic state of ion
angular momenta couplings in the electronic shells
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f (U) = a
{

1− erf
[

U−Edefl
b

]}
Edefl = 1.77± 0.03 eV

Em = E0 + Edefl

Em = 8.28± 0.17 eV
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Summarizing

Atomic Physics

Nuclear Physics

 decay bay

hyperfine shore

Internal conversion
 peninsula

Electron bridge bay

high-precision atomic physics reveals information about nucleus

theory challenge to separate the respective contributions from nuclear
mass, volume, shape, spin, magnetization, and polarization

especially low-energy nuclear transitions have a strong interplay with the
atomic shell

exotic examples: isomer depletion or nuclear clock
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Thank you!
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