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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

• exploring nuclear properties via atomic physics
experiments

• hyperfine structure - high-precision laser spectroscopy - also of 229Th

• muonic atoms

• isotope shifts and nuclear charge radii (precision laser spectroscopy, dielectronic
recombination)

→ Storage ring experiments, talk by C. Kozhuharov!
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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

The cosmic clocks, talk by F. Bosch!
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• nuclear processes directly involving atomic electrons
AP, Contemporary Phys. 51 (2010) 471

K L Continuum

e

internal conversion (IC) + inverse process
nuclear excitation by electron capture (NEEC)
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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
AP, Contemporary Phys. 51 (2010) 471

K L Continuum

e

bound internal conversion (BIC) + inverse process
nuclear excitation by electron transition (NEET)
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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
V. A. Krutov, 1958

K L Continuum

e

the famous electron bridge (EB), both excitation and decay
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What are the 229Th pirates looking for?

● Nuclear frequency standard based on the isomer

● Investigation of the temporal variation of fundamental constants

● Coherent control of a nuclear transition

● A nuclear gamma-ray laser

0.0

7.8 eV229mTh

TREASURE
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What are the 229Th pirates looking for?

● Isomer energy 7.8 ± 0.6 eV

● Weak transition strength, theoretical value for B(M1) = 0.086 μ
N

● Hyperfine structure of the ground state 

0.0

7.8 eV229mTh

So far found

2

Beck et al., LLNL-PROC-415170 (2009), Dykhne and Tkalya, JETP Lett. 67, 251 (1998), 
                           Campbell et al., PRL 106, 223001(2011)
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What are the 229Th pirates looking for?

0.0

7.8 eV229mTh

Approaches Trapped ions

Doped crystals
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Outline

• Of IC and NEEC

• Of BIC and NEET

• EB for excitation and decay

• Conclusions
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IC/NEEC in a nutshell
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Internal conversion

K L Continuum

e

• for trapped 229Th3+ ions, IC is not energetically allowed

• in the doped crystals, the band gap of 10 eV forbids IC

• in other materials, IC may be possible and α = 109† → detect the emitted electrons? Talk

by J. Burke tomorrow

• for such small excitation energies, coupling to the atomic shell works better∗ than photon

emission/absorption!

† Karpeshin and Trzhaskovskaya, PRC 76, 054313 (2007)
∗ AP, Evers and Keitel, PRL 99, 172502 (2007)
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Nuclear decay channels

K G

E

K G

EK G

E

NEEC

 +  decay

+ IC AP,  Z. Harman
PRA 77 (2008) 042704

AP, Z. Harman, W. Scheid
PRA 73 (2006) 012715
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Why NEEC?

first proposed theoretically by
Goldanskii & Namiot Phys. Lett. 62B (1976)

not observed experimentally yet

why is it 
interesting?

 population mechanisms of excited nuclear levels
Study of:

atomic vacancy effects on nuclear lifetime

Relevant for:
dense astrophysical plasmas

triggering of isomers

nuclear decay rates 
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NEEC in a nutshell
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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

AP, Z. Harman and W. Scheid, PRA 73 (2006) 012715
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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

AP, Z. Harman and W. Scheid, PRA 73 (2006) 012715
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Typical values

Isotope Ec(keV) Type Yn(1/s) Γd(eV) S(b eV)
174
70 Yb 4.89 E2 1.79 · 108 4.85 · 10−8 0.09
173
70 Yb 7.07 M1 7.32 · 109 4.80 · 10−6 1.26
185
75 Re 42.19 M1 2.62 · 1010 2.36 · 10−5 1.34
187
75 Re 51.08 M1 2.50 · 1010 2.47 · 10−5 1.16
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70 Yb

4.89 E2 1.79 · 108 4.85 · 10−8 0.09

173
70 Yb

7.07 M1 7.32 · 109 4.80 · 10−6 1.26
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70 Yb 4.89 E2 1.79 · 108

4.85 · 10−8 0.09
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70 Yb 7.07 M1 7.32 · 109
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185
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Typical values

Isotope Ec(keV) Type Yn(1/s) Γd(eV)

S(b eV)

174
70 Yb 4.89 E2 1.79 · 108 4.85 · 10−8

0.09

173
70 Yb 7.07 M1 7.32 · 109 4.80 · 10−6

1.26

185
75 Re 42.19 M1 2.62 · 1010 2.36 · 10−5

1.34

187
75 Re 51.08 M1 2.50 · 1010 2.47 · 10−5

1.16
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Why it hasn’t been observed?

Ratio of the convoluted cross
sections

R(E , s) =
σ̃NEEC(E , s)

σ̃RR(E , s)

for the case of 187
75 Re

s=10 eV, 1 eV, 0.5 eV  0

 0.002

 0.004

 0.006

 0.008

 0.01

 0.012

 51060  51070  51080  51090  51100
R

(E
,s

)
E (eV)

s=0.5 eV
s=1 eV

s=10 eV



Introduction IC/NEEC in a nutshell BIC/NEET in a nutshell EB in a nutshell Conclusions

How can we tackle the problem?

electron 
recombination

RR photons

γ photons

• different time scales of NEEC
and RR→ spatial separation
of emitted photons

• RR photons ' 10−14 − 10−16

• γ photons ' 10−9 − 10−11

τ ' 10− 100 ns→ 2− 20 m

AP, Z. Harman, C. Kozhuharov, C. Brandau, C. H. Keitel, W. Scheid, T. Stöhlker
Phys. Lett. B 661 (2008) 330



Introduction IC/NEEC in a nutshell BIC/NEET in a nutshell EB in a nutshell Conclusions

Why it wouldn’t work for 229Th

• very narrow transition width

• NEEC not so efficient for high orbitals in almost neutral atoms
with many electrons

• monochromatic electron source?
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BIC/NEET in a nutshell
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Resonant processes

K L Continuum

e

bound internal conversion (BIC) + inverse process
nuclear excitation by electron transition (NEET)

as it is not good for 229Th! Resonance conditions are not fulfilled!
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Coupling nuclei to the atomic shell

NEET

• electronic hole

• electronic and nuclear transition

energy match
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Coupling nuclei to the atomic shell

NEET

• electronic hole

• electronic and nuclear transition

energy match

atomic 197Au

monochromatized x-rays

M → K shell transition

PNEET = (5± 0.6)× 10−8

Few perfect energy matches in nature!

→ use highly charged ions instead of atoms!
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Why NEET?

first proposed theoretically by
M. Morita,  Prog. Theor. Phys. 49 (1973)

observed experimentally

why is it 
interesting?

 population mechanisms of excited nuclear levels

Study of:

atomic vacancy effects on nuclear lifetime

Relevant for:

dense astrophysical plasmas

nuclear decay rates 

highly charged ions highly charged ions 
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NEET in highly charged ions

Tunability of electronic transition energy:

ionic charge state modifies the electronic
energy levels!

∆EHCI > ∆Eatom
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DC followed by NEET and γ decay

. . . another way to create the electronic hole, predominant in plasmas

DR NEET

K

L E

G
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Total resonance strength

DC + NEET + γ total cross section as function of continuum electron energy

σ(E) =
π2

p2
ADC |〈f |Hen|i〉|2Aγ(

(E − Ea)2 + Γ2
a

4

)(
(E − En)2 + Γ2

n
4

)
S =

π2

p2
ADC PNEET Aγ

Γn

• dielectronic capture rate ADC

• gamma decay rate Aγ

• NEET probability PNEET ∼ |〈f |Hen|i〉|2

(En−Ea)2+
Γ2

a
4

perfect match
     E

n
- E

a
=0

narrow electronic
       width 

a

S. K. Arigapudi and AP, PRA 85, 012710 (2012)



Introduction IC/NEEC in a nutshell BIC/NEET in a nutshell EB in a nutshell Conclusions

Test case 237
93 Np

... neutral atoms:

Isotope Type En (keV) ē transition Ea (keV) ∆E (keV)
237
93 Np E1 102.96 K-L 101.07 1.89

... tunable transitions:

Configuration Ea (keV) ∆E (keV) Γa (eV)
[1s12s22p2

1/22p4
3/2]1/2+ 101.664 1.295 70

[1s12s22p2
1/22p3

3/2]1− 101.701 1.258 76
[1s12s12p1

3/2]1/2− 102.879 0.080 30
[1s12s12p1

3/2]3/2− 102.999 -0.040 22
[1s12p1

3/2]1− 103.279 -0.320 29

S. K. Arigapudi and AP, PRA 85, 012710 (2012)
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Test case 237
93 Np

... neutral atoms:

Isotope Type En (keV) ē transition Ea (keV) ∆E (keV)
237
93 Np E1 102.96 K-L 101.07 1.89

... tunable transitions:

Configuration Ea (keV) ∆E (keV) Γa (eV) PNEET

[1s12s22p2
1/22p4

3/2]1/2+ 101.664 1.295 70
[1s12s22p2

1/22p3
3/2]1− 101.701 1.258 76

[1s12s12p1
3/2]1/2− 102.879 0.080 30 7.2× 10−10

[1s12s12p1
3/2]3/2− 102.999 -0.040 22 2.8× 10−9

[1s12p1
3/2]1− 103.279 -0.320 29

S. K. Arigapudi and AP, PRA 85, 012710 (2012)
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Interference possibilities for 237
93 Np

2p
2s

1s 1s

2s
2p

1s

2s
2p

DC NEET -ray

S. K. Arigapudi and AP, PRA 85, 012710 (2012)
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NEET and NEEC

2p
2s

1s 1s

2s
2p

1s

2s
2p

DC NEET -ray

1s

2s
2p

1s

2s
2p

NEEC -ray

S. K. Arigapudi and AP, PRA 85, 012710 (2012)
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NEET and DR

2p
2s

1s 1s

2s
2p

1s

2s
2p

DC NEET -ray

1s

2s
2p2p

2s

1s

DC x-ray

S. K. Arigapudi and AP, PRA 85, 012710 (2012)
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NEET and RR

2p
2s

1s 1s

2s
2p

1s

2s
2p

DC NEET -ray

2p
2s

1s

RRRR

S. K. Arigapudi and AP, PRA 85, 012710 (2012)



Introduction IC/NEEC in a nutshell BIC/NEET in a nutshell EB in a nutshell Conclusions

Interference cross sections

-0.03

-0.02

-0.01

 0

 0.01

 0.02

 0.03

 0.04

 0.05

σ 
in

t(b
)

E (keV) 
69.275

2.75 × 10−6eV

NEEC 
RR 
DR 

• Very narrow peaks determined by nuclear width!
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Total cross sections

10-8

10-6

10-4

10-2

100

102

104

σ 
(b

)

E (keV) 
69.275

2.75 × 10−6eV

NEET 
total 

• Surprise! For highly charged ions, NEEC cross section larger than
NEET one!

• At the resonance, NEEC term dominates (143 b), far from the
resonance the RR (27 b) and DR (2 b) terms.
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Why it wouldn’t work for 229Th

• mismatch between atomic and nuclear transition - this is solved
in the EB by an additional photon!

• very narrow transition width - signal washed out compared to
other electronic processes

• NEET also not so efficient for high orbitals in almost neutral
atoms with many electrons
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EB in a nutshell
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Electronic bridge

K L Continuum

e

• higher order process

• sometimes also called bound internal conversion or resonant electron bridge
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Electronic bridge

m g

i n f

m g

i n f

DEB =
∑

n

〈f |D|n〉〈g,n|Hint |m, i〉
εi + Em − εn − Eg + iΓn/2

+
∑

k

〈g, f |Hint |m, k〉〈k |D|i〉
εf + Eg − εk − Em + iΓk/2

Porsev and Flambaum, PRA 81, 032504, 042516 (2010)
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Electronic bridge

m g

i n f

m g

i n f

M1M1

E1E1

DEB =
∑

n

〈f |D|n〉〈g,n|Hint |m, i〉
εi + Em − εn − Eg + iΓn/2

+
∑

k

〈g, f |Hint |m, k〉〈k |D|i〉
εf + Eg − εk − Em + iΓk/2

Porsev and Flambaum, PRA 81, 032504, 042516 (2010)
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Electronic bridge

ΓEB =
4
3

(ω
c

)3
|DEB|2

βM1 =
ΓEB

Γrad

Effect of atomic electrons on the 7.6 eV nuclear
transition in 229Th3+.

Porsev and Flambaum, PRA 81, 032504 (2010)
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Excitation via EB

Porsev et al., PRL 105, 182501 (2010)
“The process relies on the excitation of the electron shell by two laser photons whose

sum frequency is equal to the nuclear transition frequency.”

m g

i
n

i

k

ω

ω
1

229Th+ depending on the position of the involved atomic levels, one can achieve
βM1 ∼ 30!

→ experimental proposal to use this process as excitation mechanism for the isomeric
state!
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“The process relies on the excitation of the electron shell by two laser photons whose

sum frequency is equal to the nuclear transition frequency.”
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229Th+ depending on the position of the involved atomic levels, one can achieve
βM1 ∼ 30!

→ experimental proposal to use this process as excitation mechanism for the isomeric
state!
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Difficulties with EB

• the hyperfine splitting so far disregarded

• difficult to rely on theoretical atomic structure values for such
many-electron ions

• also a factor of 10 will not make the experiment much easier...
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Conclusions

Atomic Physics

Nuclear Physics

 decay bay

hyperfine shore

Internal conversion
 peninsula

Electron bridge bay

• several possibilities for coupling the nuclear
transition in 229Th to atomic electrons:
IC/NEEC, EB

• are atomic electrons easier to handle than
photons?

• the narrow nuclear transition width (the
treasure) remains the challenge
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