Lecture 6
Electron bridge processes, Critical electromagnetic fields

Plan of the lecture
• Why do we need high-precision atomic/nuclear clocks?
• Search for the 229Th isomeric state
– Electron bridge processes
– Nuclear excitation by two-photon transition

•

Physics of critical electromagnetic fields
– Ion-ion collisions
– Formation of heavy quasi-molecules

Fundamental physical constants
Quelle des Bildes: www.nobelprize.org

The standard model (today’s “theory
of everything”) contains many
physical constants that describe
properties of both particles and
interactions.
These constants are believed to be
both universal in nature and having
constant value in time. But is it true?

Of special interest is fine structure
constant a that describes the
strength
of
electromagnetic
interaction.
There were recent indications that
the fine-structure constant varies
with position and time.
J. K. Webb et al., Phys. Rev. Lett. 107, 191101 (2011)

Variation of fine-structure constant
Yt+ ion: symmetric core (68 electrons)
plus 1 electron in 6s state
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Atomic levels can be shifted in different ways
under the variation of the fine structure
constant (as well as other constants like
electron and proton masses):

∆𝐸 = 𝑓 ∆𝛼, … .
If the high accuracy of atomic clocks is
achieved, this can be used to search for time
variation of a.
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Recent experiment with Cs and Yt+ atomic
clocks have improved the limit on the time
variation of a:
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N. Huntemann et al., Phys. Rev. Lett. 113, 210802 (2014)
R. M. Godun et al., Phys. Rev. Lett. 113, 210801 (2014)

1 𝑑𝛼
= −0.20(20) × 10−16 /yr
𝛼 𝑑𝑡

Nuclear clocks and “thorium puzzle”

Observation of nuclear transition in
229Th
is important for the
development of novel nuclear clocks.
A number of various schemes are
proposed to observe this transition.
Very promising are atomic processes
in which excitation of electronic shell
is transferred to a nucleus.

Nuclear excitation by electron transitions

Nucleus is in its ground
state (GS). Atomic shell
vacancy is produced.

Bound-electron transition
leads to the nuclear
excitation.

Radiative nuclear decay
by gamma-ray emission.

NEET – nuclear excitation by electron transition. Bound-electron transitions
being energetically very close to nuclear excitations can directly induce them.
Fine adjustment of atomic and nuclear transition energies is crucial!

Nuclear excitation by electron transitions
The key parameter is the NEET probability: 𝑃𝑁𝐸𝐸𝑇 = 𝑊𝑁𝐸𝐸𝑇 /𝑊𝑡𝑜𝑡
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Nuclear excitation by electron transition (NEET)
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Special attention is currently paid to twostep excitation-and-decay processes.
Detailed
calculations
have
been
performed, for example, for Th3+ ions.

Two-photon transitions with cascades

If there are no real states
between initial and final states,
the energy spectrum is smooth.

Intensity

In contrast to single-photon transitions, the two-photon decay has a continuous
spectrum. Photon energies just need to satisfy the energy conservation: 𝐸𝑓 −
𝐸𝑖 = ℏ𝜔1 + ℏ𝜔2
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The peaks arise when transition
ȁ𝑖 > →ȁ𝑓 > + 𝛾1 + 𝛾2 proceeds
via an intermediate state ȁ𝜈 >
with energy Ei > Eν > Ef, thus
leading to two sequential onephoton emissions.

Energy of one of photons
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leading to two sequential onephoton emissions.

Energy of one of photons

“Resonance” two-photon spectroscopy provides
important information about atomic structure.
3d → 1s transition in a gold atom as a function of the
energy sharing parameter y = ℏ𝜔1 /(ℏ𝜔1 + ℏ𝜔2 ).
A.S., R. H. Pratt, and S. Fritzsche,
Phys. Rev. A 88 (2013) 042512 (2013)

Nuclear excitation by two-photon transition
We have considered the two-photon 1s 2s 1S0  1s2 1S0 (2E1) decay in heliumlike 225Ac87+ ion.
Initial state
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Considering electrons and nucleus as a “united” system the cascade
decay with nuclear excitation in the intermediate state is taken place:

ȁ1𝑠 2𝑠 1𝑆0 ۧ × 𝐺𝑆 → ห1𝑠 2 1𝑆0 ۧ × 𝐸𝑆 + 𝛾1 → ห1𝑠 2 1𝑆0 ۧ × 𝐺𝑆 + 𝛾2

Nuclear excitation by two-photon transition
Based on the relativistic QED approach, we
have performed theoretical analysis of the
NETP process.
This requires the evaluation of the second
order amplitude:

Based on our calculations, we found the
NETP probability: 𝑃𝑁𝐸𝑇𝑃 = 3.5 × 10−9 !
A. V. Volotka, A. S., S. Trotsenko, G. Plunien, Th. Stohlker, and S. Fritzsche,
submitted to Phys. Rev. Lett. (2016)

Detection of the NETP process

Electron decay photon 𝛾1 is emitted in a same
time scale as the photons from “pure” twophoton decay and its observation requires
detectors with high resolution.
“Pure” atomic decay

Nuclear fluorescence photon 𝛾2 is emitted
with a time delay and can be clearly
identified. We need to perform timedelayed spectroscopy!

A. V. Volotka, A. S., S. Trotsenko, G. Plunien, Th. Stohlker, and S. Fritzsche,
submitted to Phys. Rev. Lett. (2016)

Nuclear fluorescence
decay
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Critical electromagnetic fields
•

Dirac energy of a single hydrogen-like ion (for the point-like nucleus):
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•

What happens if we increase the
nuclear charge Z?

•

If nuclear charge of the ion is
greater than Zcrit the ionic levels
can “dive” into Dirac’s negative
continuum.

•

Physical
vacuum
becomes
unstable: creation of pairs may
take place!
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Source: W. Pieper and W. Greiner, Z. Phys. 128 (1969) 327

Heavy quasi-molecules
• Alternatively, we may form strong electromagnetic
fields in (rather) slow collisions of two heavy ions.
• Since velocity of an electron is much higher
comparing to collision velocity may think of
formation of (quasi) molecule!

E(r)
In heavy ions velocity of electron
being in ground state of U91+ is:

ve  (aZ ) c  0.7c

2p

1s

At the same time velocity of
colliding ions is about:

vion  0.07c
•

We need to find ways to control formation of quasi-molecules!

distance

Spectroscopy of quasi-molecules
•
•

How can we “control” formation and dynamics of quasi-molecular systems?
We may apply spectroscopy methods!

U92+
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Spectroscopy of quasi-molecules
• Interference pattern in the molecular
orbital
radiation
can
provide
important information about collision
conditions (i.e. impact parameter).

b

• OK, we can “control” collision
dynamics! Have we finally seen
antiprotons?

Spectroscopy of quasi-molecules

New experiments at FAIR
• New
generation
of
“positron
experiments” is likely to be performed
at the FAIR facility in Darmstadt.

• There is need for novel
theoretical techniques!

Two-center Dirac problem
To deal with the two-center Dirac problem, we laid out a new approach based
on application of B-spline (finite) basis sets constructed in Cassini coordinates.
Hamiltonian in Cassini coordinates:
2𝐶
𝐻
𝑟1 𝑟2
𝜃1 + 𝜃2
𝑤=
,δ =
,
𝑎
2
𝜙=𝜙

𝐷1/4
𝜕
1 𝜕
= −𝑖
𝛼3
+ 𝛼1
𝑎𝑤
𝜕𝑤
𝑤 𝜕𝛿
1 𝜕
−𝑖𝛼2
+ 𝑉 𝑤, 𝛿; 𝑎 + 𝛽𝑚
𝜌 𝜕𝜙

We seek the eigenfunctions (4-spinors) in the form
Ψ 𝑤, 𝛿, 𝜙 = 𝜓𝜇 𝑤, 𝛿 exp 𝑖𝜇𝜙
𝑁

With components 𝜓𝜇,𝑖 𝑤, 𝛿 =  𝐶𝜇,𝑖 𝑛 ℬ𝑛 (𝑤, 𝛿)
𝑛=1
Expansion coefficients
(obtained from generalized eigenvalue problem) Basis functions
(constructed from B-splines)
A. Artemyev, A. Surzhykov, P. Indelicato, G. Plunien, and Th. Stöhlker, J. Phys. B 43 (2010)
235207

Energy levels of quasi-molecules
U91+ - U92+
•

Calculations have been
carried out to study energy
spectra of heavy quasimolecules.

•

Special attention has been
paid to the nuclear-size
effects.

•

For small distances the
finite-size effect plays an
important role: it prevents
first excited state from
diving into the Dirac sea.
At this distance nuclei collide

positive
continuum

finite-size nucleus
point-like nucleus
negative
continuum

Electron dynamics accompanying slow ion collisions
•

Of special interest is the study of fundamental
processes accompanying slow ion collisions.

•

Such an analysis requires solution of the timedependent (two-center) Dirac equation.

Φ 𝒓, 𝑡 =  𝑎𝜅 𝑟 Ψ𝜅 (𝒓, 𝑹(𝑡))𝑒 −𝑖𝜖𝜅 𝑡
𝜅

Femtometers

Developed approach allows fast and
efficient treatment of charge-transfer,
excitation, ionization and even pair
production processes!

Preliminary calculations: Pb81+ + Pb82+
collision at energy of 3 MeV/u and zero
impact parameter.
Femtometers

Electron dynamics accompanying slow ion collisions
Of special interest is the study of fundamental
processes accompanying slow ion collisions.
Such an analysis requires solution of the timedependent (two-center) Dirac equation.

Φ 𝒓, 𝑡 =  𝑎𝜅 𝑟 Ψ𝜅 (𝒓, 𝑹(𝑡))𝑒 −𝑖𝜖𝜅 𝑡
𝜅

Developed approach allows fast and
efficient treatment of charge-transfer,
excitation, ionization and even pair
production processes!

Preliminary calculations: Pb81+ + Pb82+
collision at energy of 3 MeV/u and zero
impact parameter.
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Thank you for your attention!

