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Atomic Physics in Extremly Strong Coulo

Intense Laser
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Atomic Physics in Strong Coulom"hzl’

* bound state quantum electrodynamics (QED)
* nuclear effects on the atomic structure

» effects of relativity on the atomic structure

» electron correlation in strong fields

» supercritical fields

Structure
Studies

<E> [Vicm]
o

dynamically induced strong field effects,
sub-attoseconds (1022 s <t < 10-18s)

Dynamics — : correlated many body dynamics
elementary atomic processes at high Z

+mc?

s | photon matter interaction, e.g. photon
/ polarization correlation

drive pulse g e ion COOling teChniqueS
Applications -1 N ciol storage and trapping techniques
laser and spectrometer development
photon, electron, ion detection techniques
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Bound-State QED 1s Lamb ShlfT at

Self energy Vacuum polarization
o2+ SE VP NS
355.0eV  -88.6eV 198.7 eV
(

Low Z-Regime: oZ << 1

F(aZ): series expansion in aZ

AE= Z)* F(o.Z) m
o/m (aZ)* F(aZ) meC™ i 7 Regime: aZ ~ 1

F(aZ): series expansion in aZ

L not appropriate
Goal: +1 eV




Test of QED in the Strong Field Rec ﬁe‘.?‘l#'*?;;
Il

To proof the validity of QED at high-Z, a
broad range of different experimental
approaches is needed

two-electron
QED

hyperfine 2s2p in
structure He-like
ions

mass
measurements

and ...



Production, Storage, and Cooling ;;ﬁzl;féf‘-’*

Cooling in Traps

resistive cooling
evaporative cooling
laser cooling
electron cooling
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Cooling in Storage Rings

electron cooling
stochastic cooling
laser cooling

Storing and Cooling ist the key for precision



Precision Spectroscopy @ the ESR Stor
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HITRAP Schematic Overvi ?é-ft#'-s%

11.4 MeV/u
UNILAC
~10° U2 ions | 5 keV*q 6 keV/u
experiments cooler
with particles K= Penning <: decleilnear'g‘ror'
at rest trap
yot+

stripper

electron cooling and
deceleration to 4 MeV/u

O. Kester et al.




Test of Quantum Electrodynamicsab s '@)ﬂ

40 %

[
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Test of Quantum Electrodynamics (1s
Il

The_1s-LS in H-like Uranium (Exp. at GSI)
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Goal: Accuracy of better 1 eV for the Lamb Shift in high-Z one-electron ions



What I left out |

e Dielectronic recombination

(ESR/NESR: C. Brandau, C. Kozhuharov et al.,

as tool to study bound state QED
and/or nuclear radii (rare isotopes)

e Accurate mass measurements
(HITRAP: K. Blaum et al.) &m/m <1x10"" —

omc?=2eV —
'weighing' of Lamb shift

e g-factor measurements with HCIs
(HITRAP: W. Quint et al.,)

low-Z: most accurate determination of
the electron mass

medium-Z: fine-structure constant a

high-Z: test of QED



Hyperfine Structure at High- -j"f*q ?

4.9

Hydrogen:
A=21.10608180988(2) cm
. 7=10 " years
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HzEer'flfne Structure |

209Bi82— 207Pb81 +

INn the case of HFS, disagreement
between
experiment and atomic structure
theory based on QED

Very similar findings:

Experimenton the HFS will be continued

IN 2009 at the ESR, W. Noertershauser et al.
[Pb] Seelig et al., 1998

[ TI] Belersdorfer et al., 2001



e Conclusion
- experiments on bound state QED
at high-Z is very important part
of A
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Test of Bound-State QED at high i
|

Vacuum

Self Energy Polarization

é: xpermens
/13 Lamb Shift \
2eQED for He-like
ions

2s-2p transitions
in He- and Li-like heavy
ions

hyperfine-structure

g-factor of bound
\electrons /




Parity Violation in Highly Charged Ions .’ p{#,ﬂ
Helium-like Uranium ). gl

o (1s,25) Py (1s 2p
r~1013 r~101°

’S, (1s,25)

2E1
M1

'S, (1s,1s)

Parity admixture

(2°R Ce (1—4 sin’ @W—;')pelys\z 's,)
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Gg: Fermi constant,

n= E (2 3|:)O) —E (2 180) N: neutron number,

®,: Weinberg angle

‘77‘ =5.107° Z: proton number
Po: electric charge densit




PHYSICATL REVIEW A VOLUME 33, NUMBEER & JUNE 1926

Search for 1s2s 351—152}1 SPE decay in U+

P. Beiersdorfer, S. R. Elliott,* A. Osterheld, Th. Stohlker.” J. Autrey.’ G. V. Brown,® A T Snutll__:_:{nd K. Widmann
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M. Trassinelli et al. (2008), in preparation for PRL




Supercritical fields s <=
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Si(Li) and Ge(i)
based Compton
polarimeter

preamplifiers

crystall size: 4" x 4"

preamplifiers

energy resolutlon timing - 2D/3D position sensitivity — multlhlt
E 128x48 strips

Appllcatlon to high preC|S|on spectroscopy based on
transmission spectrometer (50 to 100 keV)



Polarization Spectroscopy i/ @ #“&

Crab nebula

S o B - Direct insight into
: & ¢ .' - ” celestial _
, Ay NGC 7009

: Vo I plasmas )

X-RAY . «OPTICAL

Spectra provide knowledge of
temperature, density, element
abundance, etc.

Radiative processes: Main photon matter
Interaction processes exhibit distinct photon
polarization features (Synchrotron Radiation,
Bremsstrahlung, Recombination, Inverse Compton

Scattering)




Polarization Measurement via Compton
I

Linearly polarized radiation
Klein-Nishina equation

{ do _1 . 5o, ho' | ho _

2

dQ 2 ° he' he ho'

270

ho=ho + AE

AE : electron recoil energy

180




COMPTON SCATTERED PHOTONS
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Experiments at the

Jet- Tlgiéﬂ'*

K-REC Particle Counter Electron transfer
}Enm (MWPC) from the target atom
into the HCI
r ~ p\
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Recombination: spin polarization of par' *Iesz. e
ion or electron beam =

Spin Polarized

lon Beams

for spin polarized ions, the
polarization plane and
scattering plane are not
equal for spin aligned ion
beams

predictions by A.Surzhykov et al.,
PRL 94, 203202 (2005)

control over the spin-
polarization of stored
lons:

required for EDM and
PNC experiments




typical setup for electron
a I ‘ laser acceleration studies:

Electron sensitive
image plate

www.nature. com/na ture

Dream beam

The dawn of compact partigle accelerators

High intensity
laser beam

Collimator

4

e Supersonic gas jet

Electromagnet

Disease control Protein folding
Europe plays Escape from
catch-up the ribosome

The Earth’s hum ' v Human ancestry

Sounds of air One from all and
and sea all.from one

I DI
Nature 431 (Sept. 2004):
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Hard x-ray generation using Thomson scatteni

WI‘I?rGTed ZIZCTI"OH bI

Collaboration with the I'OASIS Group@LBNL
(supported by NSF,DAAD)

MeV electron beam

E.g. E, ., (360keV) =4 - v?(for 150MeV e°) - Ep,o¢on(1€V)

Laser pulse

electron pulse

~50 MeV,
(energy spread (2 to 4%)

X-ray pulse
I ~60 keV, ~10 ps
\ 10mrad divergence

1 TW, t=50fs, A=800 nm

J

First phase of experiment
« determination of x-ray background
« optimization of x-ray signal, e.g.
laser intensity, target density, pulse duration

Second phase of experiment
« determination of the x-ray polarization



High Intensity Laser PHEL 'X~? ?

 UNILAC ion beam: 5 MeV/u S15*

* heating laser: Phelix,
15 ns, 150 J

Time Profile
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Heavy Highly Charged Ions
Relativistic Heavy Ions |

Radioactive Nuclei

|. Extreme Static Elecw;g Ge i

Il. Extreme.Dynamic Fi e

111. Ultra-Slow and Trapped A




