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Выступающий
Заметки для презентации
Sehr geehrter Herr Präsident der Technischen Universität Braunschweig, Prof. Hesselbach, Sehr geehrter Herr Präsident der PTB, Prof. Ullrich, Sehr geehrter Herr Dekan, Prof. Brenig, sehr geehrte Damen und Herren, liebe Kolleginnen und Kollegen, liebe Familie und Freunde. Mit  meiner  heutigen  Antrittsvorlesung  möchte  ich  Sie  in  mein  Arbeitsfeld  einladen  –  in  die Atomphysik. Ich möchte heute kurz erzählen, wie Atome helfen uns extrem genaue Uhren zu entwickeln, die Naturkonstanten zu bestimmen, die fundamentale Symmetrien zu untersuchen. Und ich möchte  



Modern atomic physics: Experiment and theory
s

e

During the last decades, a significant progress has been
achieved in experimental and theoretical atomic physics.

e In theory, advanced methods have been developed
that allow high-precision calculations of atomic
structure and dynamics.

« In experiment, one can produce, store and operate with
atoms and ions in any required charge state. Moreover,
experiments with single atoms (ions) became possible.
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Multiply- and highly-charged ions

Neutral atom Highly-charged ions
A
bare hydrogen-like helium-like

During the last decades, a
number of experimental
facilities have been built (or
designed) that are capable
of producing and storing
ions in any charge state.

Advanced particle acceleration Electron beam ion traps (EBITS)
facilities (e.g. GSI and FAIR, DESY) (e.g. MPI-K, Livermore)

&‘_ Technische

% Universitat
¥ Braunschweig




Heavy lons: Structure

» What is so special about multiply- 4 : )

charged, heavy ions? — 10"
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One can estimate the electron A o
“velocity” in the ground state: 10 1 10 20 30 40 50 60 70 80 90
Nuclear Charge, Z

Vey = AZC E:> Vo = 0.7C

Electron is exposed to huge fields
. (for U*) ) U (of microscopic) dimensions.
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Studies with multiply-charged ions

The strong nuclear fields affect electronic shell
structure of heavy ions and make it possible to
study the relativistic, QED and nuclear phenomena.

During the last decades a number of experimental
and theoretical studies have been focused on:

O Probe of QED under extreme conditions
e Lamb shift in highly-charged ions
e QED effects in super-critical fields
e Electron correlations in strong fields

" =)

O Nuclear and “magnetic” sector of QED
e Hyperfine shifts of ionic and atomic levels
e Hyperfine-induced transitions
e Interplay between nuclear and atomic processes
e Search for PNC effects in nuclei
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Studies of nuclear properties

The strong nuclear fields affect electronic shell
structure of heavy ions and make it possible to
study the relativistic, QED and nuclear phenomena.

During the last decades a number of experimental
and theoretical studies have been focused on:

» O Isotope-shift in singly-ionized Ca* ions
O Hyperfine-induced effects in angular distributions of characteristic emission
O Parity non-conservation effects in nuclei

O Excitation of atomic nuclei by atomic transitions
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Isotope shift and hyperfine effects

Is the electron-nucleus interaction just an 702
interaction of two point-like charges, one  V(r) = ———
of which (nucleus) is infinitely heavy? r

Field shift Mass shift
due to different charge radii due to finite nuclear mass
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The difference in the transition frequency for two isotopes with masses M, and
M, and (mean square) nuclear radii:

MA _MA
MAMAI

VA—VAI=K ’+F5<T2>AA/
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How to describe theoretically an atom?

In quantum theory, states of an atom are described by
their energy values and by wave-functions:

E,, Y(r{,ryrs, ..., TY)

The wave function is a function of 3N coordinates,
where N is the number of electrons! How to deal with
this huge dimension?

~N

.
We usually construct many-electron wave functions as expansion in terms of anti-
symmetrized product of single-electron wave function:

(,01(7"1) (,DN(Tl)
Wy, 1y, 30, Ty) = 20 & Ysds | ) .

o1(ry) o on(ry) '
1
Summation over configurations Configuration state-function (CSF)
State of particular symmetry
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Isotope shift and hyperfine effects

Recently, high-precision measurements have been

performed at the QUEST institute to compare isotope

shifts for the §;,, = P/, and S;,, = P3/, transitions 2
|LPP1/2 (r)|

in Cation.
—— > [

These transitions exhibit different behavior with

W, )]

respect to the field shift. A
Appl. Phys. B (2017) 123:2 Applied Physics B CrossMark
DOI 10.1007/s00340-016-6572-z Lasers and Optics
3/2
1/2

Unexpectedly large difference of the electron density at the
nucleus in the 4p <Py 3> fine-structure doublet of Cat

C. Shi' - F. Gebert! - C. Gorges® - S. Kaufmann® - W. Nortershiiuser® - B. K. Sahoo® -
A. Surzhykov'* - V. A, Yerokhin'* - J. C. Berengut® - F. Wolf' - J. C. Heip' -
P. O. Schmidt"’

nuclear effects? QED?
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Studies of nuclear properties

The strong nuclear fields affect electronic shell
structure of heavy ions and make it possible to
study the relativistic, QED and nuclear phenomena.

During the last decades a number of experimental
and theoretical studies have been focused on:

O Isotope-shift in singly-ionized Ca* ions
» O Hyperfine-induced effects in angular distributions of characteristic emission
O Parity non-conservation effects in nuclei

O Excitation of atomic nuclei by atomic transitions
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Hyperfine-induced mixing of ionic states

A F
& 2p5, 1P
a0 1s 2p;,, Py 3/2
()
c 1/2
= 1220207, s
3/2
1s 2s 1S,
—
3/2
1/2
1s 25 3S;
—
M2 + E1 (hf)
1s2 1S,
e /)

Example: Helium-like ion with the
nuclear spin 1=1/2

e Hyperfine interaction may affect not only
the energy spectrum of highly-charged
ions but also the properties of their
characteristic emission.

 For example, hyperfine interaction leads
to the mixing of 3P, and %3P, states of He-
like ions:

3P, F) > Csp,|?P, F) + Csp, Py F) + Cip, |'P; F)

e As a result, the 3P, state can decay not
only via the magnetic quadrupole (M2) but
also the HF-induced electric dipole (E1)

transition.
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Theoretical background

[ » Hamiltonian of helium-like ion with non-zero nuclear spin:

B2 Ao+ By
HO — Z Ei + V(r1»r2) ‘}agnetic dipole hyperfine operator

=12 Ay = Z(_l)a MOT®
p)

el
-\ \

- J

» We can find eigenfunctions of the Hamiltonian H by making expansion:
| F My) = Z Cs Z (1 M; ] My|F Mg |IM,)|JM,)
B MM,

» Expansion coefficients Cg; can be then found by diagonalization of Hamiltonian matrix.

» In order to perform such a diagonalization, one needs first to evaluate matrix elements of
the magnetic dipole hyperfine operator:

(“ F MF|ﬁhf|a’ F MF) < U= gr 1 pun

Nuclear magnetic moment



Ko transitions in helium-like ions

e The angular distribution of the hyperfine- as well as fine- h
structure resolved transitions in helium-like ions:

Energy

W) ~1+ B P,y(cos6)

e Owing to hyperfine-induced mixing between leading M2
and hf-E1 transitions, the Ka emission pattern appears
to be very sensitive to the magnetic dipole moment.

Mass number A
QCNOY I~ DN — I~
——0 N NN (9] (s

T T T 7
3 21
- 1s2p°P,— 15"'S,

4 205
207

eff
2

L Example: lon with nuclear spin 1=1/2 y

The effect of the nuclear magnetic dipole moment on the
angular distribution of characteristic x—rays can still be observed
if the hyperfine structure of helium—like ions is not resolved!

Anisotropy parameterf

——————T—1 Z. W. Wu, A. Surzhykov and S. Fritzsche, Phys. Rev. A 90 (2014) 063422
-12 -06 00 06 1.2 1.8

Magnetic dipole momenty;, /u,,
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Studies of nuclear properties

The strong nuclear fields affect electronic shell
structure of heavy ions and make it possible to
study the relativistic, QED and nuclear phenomena.

During the last decades a number of experimental
and theoretical studies have been focused on:

O Isotope-shift in singly-ionized Ca* ions
O Hyperfine-induced effects in angular distributions of characteristic emission
» O Parity non-conservation effects in nuclei

O Excitation of atomic nuclei by atomic transitions
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Unified electro-weak interaction

Standard Model of

FUNDAMENTAL PARTICLES AND INTERACTIONS

FERMIONS &Y BOSONS 50775 :
Leptons spin = 12 - Quarks spin = 172 Structure withi Unified Electroweak spin = 1 Strong (color) spin = 1 O n e Of t h e b Igg e St

the Atom Mass :|.m: s Mass  Electric
- GeV/c? GeV/ic2  charge

ﬂll 2] successes of the Standard
Model is the unification of
the electromagnetic and
the weak forces into the so-
called electroweak force.

Mass  Electric
[Hemor GeVic? charge

PROPERTIES OF THE INTERACTIONS

Electric Charge

SRR o :., Note that electromagnetic
ez - W% 20f interaction preserves
; spatial parity while weak

interaction — not!

virtual phaton
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Unified electro-weak interaction

Standard Model of Note that electromagnetic

FUNDAMENTAL PARTICLES AND INTERACTIONS interaction oreserves

D e LU SRR cnatial parity while weak
SRR AR S | magemea= interaction — not!

€ electron |0.000511

M neutrino 0000

0.106

B ® Magnetic

<0.02

figld
Beta emission is T
prefe_rentlglly in Nuclear
PROPERTIES OF THE INTERACTIONS the direction 80 spin
o opposite the
S Curge__|_ ol B = R nuclear spin, in
Quarks, Leptons. Electrically charged Quarks, Gluons Hadrons = . . ~—~
wew Y CEN—. - - | 2 violation of 3
! e - : conservation ;
of parity. iy
¢
Wu, 1957 £
60, —» 6Q. _ _ Z
Co ONI + &+ Vg £
@
S
2 ®. =
. . . . . (=] a
Parity violation (PV) is first ° g
. . »
time observed in famous Wu "
®

experiment (1956) on the beta-
decay of cobalt nuclei.
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Parity violating interactions

The effective Hamiltonian of the PV electron- Hpy, =
nucleus interaction can be cast in the form:

.

e i
Dominant

part is the
independent (NSI) interaction that arises
due to exchange of neutral Z° boson
between nucleus and electrons.

e 70 4N

4+ Weak charge Q,, characterizes NSI part:

Qw =Z(1 —4sin?6,,) — N

)
nuclear-spin-

J

How we can observe the parity-violating interactions?

br (FQ—WV5+ a-1)p(r)

.

The nuclear-spin-dependent (NSD) part

comes mainly from the electromagnetic
weakly

interaction with

nucleons.

interacting

+ NSD is characterized by the coupling
constant k:

10wl

k| =~
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Atomic parity violation

The  parity-violating (NSI and  NSD) -1
interactions lead to the mixing of atomic o0 —
. . : v |-
levels with opposite parity. uC_| e —
Mixing coefficient is given by: PV mixing
] ]
Gr QW El S(+) p(_)
Fs \/E(_ 5 Vst ) MWW
T Es—Ep — iT/2 ts =W+ it
— LIJP = LIJp = U]LIJS
S (+
Energy splitting should be small! )

Total angular momenta “selection rules”:
« Nuclear spin independent interaction mixes only states with the same J’s

A * Nuclear spin dependent interaction can mix levels with different J’s but same F’s

¢ [T the parity Is broken due to the weak Interaction this transition becomes possible!
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PV experiments with neutral atoms

a )
| PV experiments with neutral atoms have provided us with valuable

information on the weak interaction.

But! Analysis of these experiments is rather difficult task because of “many-
electron nature” of systems.

e Alternatively, we may explore APV effects as appear in few-electron ions!

e Few-electron ions may be perfect candidates for PV studies:

o Relatively simple atomic systems
o Large electron-nucleus overlap
o Effect scales as Z° (in contrast to Z3 in neutral systems)

o Levels with opposite parities might be almost degenerated
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Parity-violation in helium-like ions

g Energy levels of He-like ion (sketch) A

-~ A
oo 1s 2p 1P,
o E—
c
L 1s 2p 3P,
|
1s 2s 150 1s 2p 3P0
] |
1s 2p 3P
dp
nuclear spin dependent (I # 0)
1s 2s 35,
]
152 1S,
]
L J [} J
i i
Even (Parity = +1) Odd (Parity =-1)
L J

r \
Energy shift E(1s2s 1S,) — E(1s 2p 3P,), eV

1.0

081 -
0.6l AE(AF = 0) ]
| AE(AF = —1)
S 04l AE(AF = +1)
)
4]
< p2

~0.2 eV 3

I | I | I |
04 10 20 30

" Z y

Owing to the (spin-dependent) part of PV
Hamiltonian, the 2!S, atomic state in He-like ions
with nuclear spin I # 0 can be described as:

|1s 25 1Sy, F = I) +in|1s 2p 3Py, F = 1)

Mixing coefficient (for 77Se) isn oc 1077,
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Towards analysis of nuclear PV effects

Novel schemes for studying the nuclear-spin- N

. . e Y
dependent part of the atomic parity W70
violation have been also proposed. ’

7

PV mlxmg
1s 2s 1S 1s 2p 3p,
3
M1 + E1 (PV) L 2p
C
1s 2s 35,
*

1s? 1S,

N\

N

Probability of the induced 1s2s 1S, > 1s 2s3S,
transition in He-like ions:

parity-preserving rate (Ml)/ photon’s helicity

Asymmetry coefficient A=, —-T_)/(I'y +T_) is
directly related to the nuclear-spin dependent mixing
parameter: A < /(21 + 1)

For medium-Z ions the asymmetry reaches 4 o< 1077 |
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GSI experimental proposal

We propose three-step process to study PNC phenomena in He-like ion:

Production of 2!S, state by

Inducing by laser Measurement of the M1
means of inner-shell M1 + E1(PV) transition radiative stabilization
ionization (of Li-like ions)
r “ e ™
PV mixing PV mixing
15 25 15, MW 1 5 3, 15 25 1515 25 3p,
Lidikeions  lonizatio Hedikeion M1+E1(PV) s i
L-shell @ —— @N\N\b
1s 25 3S, 1525 3S;
@
MW
K-shel-@—@— i1
Time scde
1s? 150 152 150
L J \ 7

Important question: which experimental parameters do we need to make E1(PV)
transition “visible”? Some theory predictions are required!
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Nuclear PV effects: Estimates

4 N\
« Based on the predictions of the Ton o ] B 1074
Stand.ard Model we have estimated P As 53 min A ) 106 100 080174
the size of the expected asymmetry TAs 653 h 5/2 1.673500 125177
for several isotopes. 2As 2%h 2 —2.156 600 127889
;;As 17.78 d 2 —1.597 000 1.33509
« Stable isotope of 7/Se seems to be BAs stable 3/2 1439475 2.08691
. 76 4 7 L
most convenient for the study. shs 263h . 0906 000 140386
e 7.1h 9/2 0.8700000 0.623 39
7 \ ESE 118.5d 5/2 0.6700000 1.084 38
77
15 25 15, 1s 2p 3p, poe stable 12 0.5350422 4.66309 <]
ESE 63000 yr /2 —1.018 0000 0.78713

NWV\

» To induce M1+E1 (PV) transition in He-like Se we need
to apply circularly polarized light of:

¢+ energy 43.85 eV (extreme ultraviolet)

Spontaneous 2E1 decay

Rate ~2.8x10%0 st 12 13 9

1621 # intensity I « 107 — 10*° W/cm* (to “compete”
2

\ — J with the spontaneous E1E1 decay)

F. Ferro, A. S., and Th. Stohlker, Phys. Rev. A 83 (2011) 052518
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Studies of nuclear properties

The strong nuclear fields affect electronic shell
structure of heavy ions and make it possible to
study the relativistic, QED and nuclear phenomena.

During the last decades a number of experimental
and theoretical studies have been focused on:

O Isotope-shift in singly-ionized Ca* ions
O Hyperfine-induced effects in angular distributions of characteristic emission
O Parity non-conservation effects in nuclei

» O Excitation of atomic nuclei by atomic transitions
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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.

NATURE | ARTICLE o =
BEEEN

Direct detection of the 229Th nuclear clock
transition

Lars von der Wense, Benedict Seiferle, Mustapha Laatiaoui, Jiirgen B. Neumayr,
Hans-Jérg Maier, Hans-Friedrich Wirth, Christoph Mokry, Jérg Runke, Klaus Eberhardt,
Christoph E. Diillmann, Norbert G. Trautmann & Peter G. Thirolf

Affiliations | Contributions | Corresponding auther

Nature 533, 47-51 (05 May 2016) | doi:10.1038/nature17669
Received 16 December 2015 | Accepted 16 March 2016 | Published online 04 May 2016

% citation | TR Reprints X Rights & permissions Article metrics

Abstract

Abstract « References - Author information « Extended data figures and tables

Today's most precise time and frequency measurements are performed with optical atomic
clocks. However, it has been proposed that they could potentially be outperformed by a nuclear
clock, which employs a nuclear transition instead of an atomic shell transition. There is only one
known nuclear state that could serve as a nuclear clock using currently available technology,
namely, the isomeric first excited state of 229Th (denoted 222MTh). Here we report the direct
detection of this nuclear state, which is further confirmation of the existence of the isomer and
lays the foundation for precise studies of its decay parameters. On the basis of this direct
detection, the isomeric energy is constrained to between 6.3 and 18.3 electronvolts, and the
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Nuclear excitation by electron transitions

GS

Electrons = Nucleus

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

ES
—— —_——
f | AW
GS GS
K —_—— K = e
Electrons * Nucleus Electrons * Nucleus
Bound-electron transition Radiative nuclear decay
leads to the nuclear by gamma-ray emission.

excitation.

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!
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Nuclear excitation by electron transitions

The key parameter is the NEET probability: Pyger = Wiyger/Wiot

Nudess—bpaiment s Themn_—ofrmes

23’'Np 2.1(0.6) x 10 Saito et al., 1980 1.5x 107 Pisk et al., 1989
3.1x 1012 Tkalya, 1992
1.9 x 107 Ho et al., 1993
2.6 x 104 Ljubicic, 1998
2.2 x 1012 Harston, 2001
17Au 5.1(3.6) x 10> Shinoharaetal.,, 1995 3.5x 107 Pisk et al., 1989
5.0(0.6) x 10® Kishimoto et al., 2000 1.3 x 10 Tkalya, 1992
2.4 x 107 Ho et al., 1993
2.2 x107 Ljubicic, 1998
3.6 x108 Harston, 2001
18905 5.7(1.7) x 10° Shinohara etal., 1987 2.5x 10" Pisk et al., 1989
2.0(1.4) x 10® Lakosi et al., 1995 1.1x 1010 Tkalya, 1992
<9 x 1010 Ahmad et al., 2000 2.1x10° Ho et al., 1993
2.3x107 Ljubicic, 1998
1.1 x 1010 Harston, 2001
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Two-photon transitions with cascades

In contrast to single-photon transitions, the two-photon decay has a continuous
spectrum. Photon energies just need to satisfy the energy conservation: Er —

Ei = h(t)l + ha)z

4 N
=
% A
If there are no real states = __
between initial and final states,
the energy spectrum is smooth. N>
| I MW
> *‘—
Energy of one of photons
. J
4 )
=N V1 V2 The peaks arise when transition
— é I i >—|f >+ y;+ y, proceeds
D )~ N via an intermediate state |[v >

w/i : with energy Ei > Ev > Ef, thus

leading to two sequential one-
photon emissions.

:

| | L .
V2 >

Energy of one of photons
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Two-photon transitions with cascades

In contrast to single-photon transitions, the two-photon decay has a continuous
spectrum. Photon energies just need to satisfy the energy conservation: Er —
Ei = h(t)l + ha)z

4 N
Z ) V1 1% The peaks arise when transition
_ § — |l>—>|f>+)/1+)/2 proceeds
C
y TN via an intermediate state |v >
) B

with energy E. > E, > E, thus
leading to two sequential one-

‘( /VVVV)\/; | | L photon emissions.

Energy of one of photons

| | | | | { “Resonance” two-photon spectroscopy provides
E | important information about atomic structure.
3d = 1s transition in a gold atom as a function of the
ol | energy sharing parametery = Aw, /(hw, + hw;).
(}I.]
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Transition probability P (10

Eneray shatin | 02 AS., R.H.Pratt, and S. Fritzsche,
s Phys. Rev. A 88 (2013) 042512




Nuclear excitation by two-photon transition

We have considered the two-photon 1s 2s 1S, = 1s? IS, (2E1) decay in helium-
like 22°Ac8’* ion.

Initial state Intermediate (cascade) state Final state
1323 180 1325 180 Yl(wl) 1323 180
]
89.218 keV PN
ES ES
20.09 keV
:> N\N?':(:az)
21 21

15215, GS 1s SO 15235, GS

. I ]
electrons; g 15, X nucleusgs electrons, 2 15, X nucleuses electrons,2 15, x nucleusgs

Considering electrons and nucleus as a “united” system the cascade
decay with nuclear excitation in the intermediate state is taken place:

115 25 1S0) X GS = |12 1S)) X ES + 7y, = [152 150) X GS + v,

oV,

gﬁﬁ 3t Technische

o %‘»‘ Universitit
1,%1"‘5’ Braunschweig
Cngco




Nuclear excitation by two-photon transition

z GS 1y GS e e g
Based on the relativistic QED approach, we
M AN have performed theoretical analysis of the
NETP process.
7i(wi) : : :
NN NN This requires the evaluation of the second
order amplitude:
(y ES (g ES S(:ﬂw o |
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Detection of the NETP process
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Nuclear fluorescence photon y, is emitted
with a time delay and can be clearly
identified. We need to perform time-

delayed spectroscopy!

A. V. Volotka, A. S., S. Trotsenko, G. Plunien, Th. Stohlker, and S. Fritzsche,

Phys. Rev. Lett. 117 (2016) 243001
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Electron decay photon y; is emitted in a same
time scale as the photons from “pure” two-
photon decay and its observation requires
detectors with high resolution.

le+10 “Pure” atomic decay

o
+
o
=]

le+06

Nuclear fluorescence

Intensity (arbitrary units)
2
=

100 decay
TT:
L
0.01 \
L il Ll Ll Ll
le-12 le-11 le-10 1e-09 le-08

Time (s)



Studies of nuclear properties: Summary

We have discussed several theoretical and experimental
studies with multiply-charged ions aiming at deeper
understanding of nuclear properties:

O Isotope-shift in singly-ionized Ca* ions
O Large discrepancy between experiment and theory for the field shift

O Hyperfine-induced effects in angular distributions of characteristic emission
A new method for studying magnetic moments of nuclei?

O Parity non-conservation effects in nuclei
e Laser-induced transitions in He-like ions to probe anapole moment

O Excitation of atomic nuclei by atomic transitions
* Nuclear excitation by two-photon transition (NETP)

Thank you for your attention!

g,

gﬁﬁ 3t Technische
3 ﬁ%‘ Universitat
%R(72¢  Braunschweig
Cngco




	Слайд номер 1
	Слайд номер 2
	Слайд номер 3
	Слайд номер 4
	Слайд номер 5
	Слайд номер 6
	Слайд номер 7
	Слайд номер 8
	Слайд номер 9
	Слайд номер 10
	Слайд номер 11
	Слайд номер 12
	Слайд номер 13
	Слайд номер 14
	Слайд номер 15
	Слайд номер 16
	Слайд номер 17
	Слайд номер 18
	Слайд номер 19
	Слайд номер 20
	Слайд номер 21
	Слайд номер 22
	Слайд номер 23
	Слайд номер 24
	Слайд номер 25
	Слайд номер 26
	Слайд номер 27
	Слайд номер 28
	Слайд номер 29
	Слайд номер 30
	Слайд номер 31
	Слайд номер 32
	Слайд номер 33

